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ABSTRACT OF THESIS 
EVOLUTION OF MESOSCALE CONVECTIVE SYSTEMS 
OVER MOUNTAINOUS TERRAIN 
Two detailed, multi-sensor case studies of mesoscale convective 
storms occurring in summer over the central and eastern Colorado Rockies 
are presented. These case studies use data taken during the 1977 South 
Pi3.rk Area Cumulus Experiment (SPACE) from surface meteorological stations, 
rawinsondes and tethered balloons, conventional and Doppler radars, 
powered aircraft, and satellites. The case studies are compared with 
p'revious observations and theories relating to diurnal patterns of con-
v,::ct.ive storm activity, especially those relating to thermal forcing of 
t:1e boundary layer by the daily cycle of solar heating on elevated 
t,::rrain. 
On one case study day, 19 July, 1977, a north-south oriented line 
oE intense convective cells formed and remained within South Park, an 
elevated plain located within the Rocky Mountains, 2.8 km above sea 
l,::vel. Elevated surface heating in South Park created a region of low-
L~vel convergence which imported Pacific moisture from west of the 
Rockies into South Park. The mesoscale thunderstorm line formed over 
t:1is convergence zone. Northerly surface flow, having the appearance 
oE a. "density current ll , penetrated into South Park late in the afternoon, 
e1ha.ncing the intensity of convective storms. Cases of ,.:ell merger, 
storm splitting, and various interactions of the storm system I.vi th the 
masoscale environment were observed. A single large convective cell 
was then observed to grow on the southern end of the mesoscale line, 
ex:hibiting supercell characteristics and substantial modific.1tion of 
the environmental flow. 
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The case study of 4 August, 1977, documented the creation of meso-
scale convective storms in the mountains and their subsequent eastward 
propagation across the High Plains. Morning upslope \oJinds created cool 
advection which stabilized the atmosphere over South Park, inhibiting 
boundary layer growth and suppressing cumulus cloud development. At 
the same time, high level heating on the higher peaks of the Rocky 
Mountain~;.:; created buoyant air parcels which rose convectively to sat~­
ration, forming tlle earliest cumulus clouds. In the early afternoon, 
conve.ctive precipitation echoes began to move eastward by a process of 
discrete propagation on the east, or downshear side. These storms grew 
to ir,tense levels as they moved onto the High Plains. Convective 
activity in the plains was completely suppressed, a process partially 
attributed to diurnal thermally induced boundary-layer flow patterns, 
until the passage of the mesoscale squall line released the pent-up 
convective instability. This squall line maintained its linear shape 
and rapid propagation speed while exhibiting both extremely sever~ and 
nonsevere convective intensity, the variations in intensity being caused 
by variaticns in low-level mojsture on the High Plains. The timirg of 
convective rainfall from these storms agreed well with climatol'Jgical 
data which show the time of maximulll rainfalJ becoming later as one 
moves farthE'r east. The mesoscale convective storms observed on ~. 
August, 1977 form~d a large nocturnal precipitation area in the centr~J 
plains. The observations suggest that convE'ctiv(' (1r.ganizl1tion r<.'F:l.l1tr; 
from large-mesoscale thermal terrain effects, combined wit}) mesnsri1]p 
squall-line dynamics related to meso-high pressure center formation. 
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Boundary Layer Profiles (PBL) tethered balloon 
soundings. Potential temperature, water vapor mixing 
ratio, and winds plotted against height in meters AGL. 
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plotted on skew-T log-P diagram. 
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Temperature, dew-point, and wind speed plotted vs. 
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plotted on skew-T log-P diagram. Cloud Condensation 
Level (CCL) marked. 
East-west cross-section, as in Fig. 17, for 1200-
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along with PBL depth, are plotted for 4 stations 
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from a west-to-east aircraft flight are included in 
analysis. 
Surface map using SPACE/HIPLEX mesonet data on the 
High Plains. Surface pressure and surface water vapor 
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The purpose of this investigation is to determine the influences 
of mountainous terrain on observed patterns of summertime cumulus and 
cumulonimbus activity. Specifically, it is desired to understand more 
fully the summertime diurnal pattern of convective activity over the 
mountains and plains of central and eastern Colorado. To accomplish 
this objective, data taken in the summer of 1977 during the compre-
hensive Colorado State University (CSU) South Park Area Cumulus Experi-
ment ~PACE) are examined in detail. 
1.1 Statement of the Problem 
It has long been observed in mountainous regions that summertime 
cumulus clouds form earliest in the day over the slopes of high moun-
tain peaks and ranges. Precipitation data show that mountain ranges 
receive more rainfall in the summer than nearby valleys and plains. 
1:1 Colorado (latitude 37o-4loN), summertime precipitation shows a 
minimum on the western edge of the Great Plains (elev. 1.5 km), 50-
100 km east of the high ridge of the Front Range and Sangre de Cristo 
mountains (elev. 3.0-4.2 km) (Dirks, 1969). Radar data (Henz, 1974) 
i::1dicate that precipitating cells tend to form preferentially over 
certain east-facing slopes of the Front Range ("hot spots"), and that 
much of the precipitation which does fall in the plains immediately 
east of the Front Range comes from convective cells which form over 
the "hot spots" and then move eastward over the plains. Thus, a large, 
populated agricultural area is partially dependent on a much smaller 
g(mesis region for vital summertime precipitation. 
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On a larger scale, summertime precipitation graduaU.y increases 
as one travel s f.1rther east from near the RQckies. The high plains of 
Eastern Colorad.o i1nd Western Kansas depend for most of their precipita-
tion on traveling mesoscale convective systems, which often take the 
form of squa1.l. lines (Brunk, 1953). Pree ipitation and thunderstorm 
activity occur progressively later in the day, on the average, as one 
moves eastward. (Crow, 1969; Wallace, 1975). In the central U.S. (I01rJa, 
eastern Kansas and western Nebraska), the daily precipitation maximum 
occurs just before sunrise, completely out of phase with the diurnal 
solar heating cycle. Many of the physical mechanisms which have been 
proposed to explain this progress ion are based on the presence of th,~ 
Rocky Mountain barrier to the west and on the gradual slope of the 
plai.ns toward the Rockies. 
By utilizing t\rJO case study days from the SPACE 1977 data set, the 
pro('.esses by whidJ the topography of central and eastern Coloraclo in'-
fluences the various scales of convective actIvity are descrihed in 
this thes:is. Surface <1nd sounding data are used to document the merning 
evolution of the plarlPtary houndary layer, up to the stage at which 
cumulus cl(Jllds clc'Jploi' ovpr the mount<1;n pe;lks. Radar, alrcrnfr:, sat-
ellite, and surface dota show the growth of thunderstorms over thE 
mountains ;Fld their patterns of new gro~"th, translation, and propEga-
tinn, Finidly, surface data, radar, satellite, soundings, and airenlfr 
document one of the days 0n which mesoscale c.onvective systems forme(! 
at the edgp of the mountai11.s and moved eastward across thE' plal)]s, 
(Nl1tualJy evolving and merging inlo a large norturnal heavily-prc::ipi-
tnting m~s~sca!(' svstem 0ver dle centrA] pl~ins. 
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l.:~ South Park Area Cumulus Experiment 
The South Park Area Cumulus Experiment (SPACE) of Colorado State 
University (CSU) is a comprehensive swnmertime meteorological program. 
ThE~ field portion of the program is located in South Park, Colorado, 
a hroad elevated (2.6-3.2 km MSL) valley about 120 km southwest of 
Denver (Fig. 1). The edge of the plains to the north and south drops 
to about 1.6 km, but the Palmer Lake Divide, a broad, partially wooded 
ri(lge, extends another 80-100 km eastward, with elevations of up to 
2.:. km MSL. 
The western edge of South Park, on the slopes of the Mosquito 
Range, has long been recognized as a genesis region for cumulus and 
cUIllulonimbus clouds. CSU has previously conducted field programs in 
this area in 1973, 1974, and 1975. The emphasis in these programs was 
on cloud microphysics and precipitation processes (see Danielson, 1975 
and Huggins, 1975). Instruments used included rawinsondes, surface 
weather stations, stereo cloud cameras, raindrop disdrometers, a hail 
chase vehicle, 10 cm search radar, CHILL pulsed doppler radar, powered 
ai::craft, and the National Center for Atmospheric Research (NCAR) sail-
plane. Much of the success of these programs was due to their ideal 
lOI~ation. Cumulus and cumulonimbus clouds form with great regularity 
wi:hin a relatively small area. The time of first cumulus cloud and 
fi::'st radar echo formation can be closely estimated using rawinsonde 
and surface data. 
For 1977, the scope of the SPACE was expanded. Attention was 
fo,~used on the role of the mountains and South Park in influencing the 
me30scale precipitation patterns of the plains and Palmer Lake Divide 
Figuu> 1. Hat) of t.err.ain in Suuth J\,lL"k, Colorado. Regipns t. ,1(1,,] 
9000 ft. (2i!!(~m) are hatciwd; rvgioTls above 10,000 ft. C1049m) ,grp 
. L;~htly shacipd. and regions above 12 ,000 ft. (lfi59m) are herlvily Slade,.' 
PAH remote ;;t:1tions are indicated with dark c:ircles accompan:ied by the 
st:1 t ion nUlTll..er. \:.;i t h <I S t.a r f or the bil se s i u' . cp- 3 and CB~;-./~ r ad Irs 
'11-' inel ie-It"r! i,; ~-h d,;J':~ t riAn,,1 ",~. 
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t:> the east. The various types of field equipment were deployed on 
several different spatial scales. 
The South Park scale (Fig. 1) is roughly 70 km square. The main 
SPACE base was located about 10 km south of Fairplay, Colorado on dry, 
flat pasture land, about 5 km east of the wooded foothills of the Mos-
quito Range. The base was the site of the SPACE micrometeorological 
experiment, which included UVW anemometers (which measure three ortho-
gonal components of the wind) and thermistors, (which measure air 
temperature) at various levels on two towers, two Boundary Layer Pro-
fHer (BLP) tether balloons, and a Doppler acoustic sounder. Raw in-
sondes were launched frum the CSU base daily at 1200 GMT (Greenwich Mean 
Time), or 0600 MDT (Mountain Daylight Time, which is 6 hours earlier 
than GMT), 1600 GMT (1000 MDT), and 1900 GMT (1300 MDT). On selected 
days of interest, rawinsondes were also launched at 2300 GMT (1700 MDT) 
and 0300 GMT (2100 MDT). The base was also the site of the National 
Oeeanic and Atmospheric Administration (NOAA) Lidar system, which in-
cluded a 1 cm radar and a large array of radiation sensors as well as 
the Lidar equipment (see Danielson and Cotton, ed., 1977). 
The National Center for Atmospheric Research (NCAR) Portable Auto-
mated Mesonet (PAM) was deployed on the South Park scale (Cotton and 
Gj~orge, 1978). Twenty remote weather stations were spaced roughly on 
a 10 x 10 km grid, with three (later reduced to two) remote stations 
located high on the ridge top of the Mosquito Range. Each remote 
station measured wind speed and direction 4 m above the ground, wet-
a:ld dry-bulb temperatures and pressure from 2 m above the ground, and 
rainfall in .24 nun increments with a tipping bucket rain gauge. The 
PAM has(~ vall was loci-! ted ;It the SPACE bas£'. The data wpre obta Lned :From 
the rpmot e stations hy radio tel emetry once per minute, and werE~ in-
stant Ly ava_Hable for dL"~'lay by £1 computer graphics tcnnin,ll luc<.ted 
in the bRse van. 
Triple Doppler Yilday data were also taken on the South Park scale. 
NOAA provided two 3.2 em wavelength (X-band) Doppler radars, and NCAR 
provi.ded the 5.5 em (C-band) CP-3 radar. NOAA-2 was located at the1::ase, 
NOAA-l was 27 km southeast of the base, and CP-3 was 30 km northeast. 
During the period July lO-August 1, the CP-3 radar also provJded full 
volume (360°) scans in addition to coordinate sector scans. CP-3 was 
chosen for this task because it provides more reliable reflectivity data 
than the NOAA radars, and because its scan rate is fast_ex than the NOAA 
radars', allowing it more free time duri.ng the triple-Doppler experi-
ments to perform full volume scans. After August l, 1977, the 10 em CSU 
FPS-l8 radar (C"8S-4) was available. to perform full volume scans. TIl.is 
radar was located on higher ground about 7 k.m southeast of CP-3, where 
it had (I much bet ter view toward the east. 
Aircrnft mcaSlirempnts were also conc:entrnted on the South Park 
sea] e. The twin-engined NCAR Queenair (30!4D), equipped with a gust 
probe as weJ 1 as basic mf~teorological instruments, flew "butterfly" 
patterns at severed_ different l.evels. The flight lE~gs covered an area 
about 33 x 37 km, cenetered on the SPACE base, and were f] own most ly jT: 
the mornings during ~l\lly 1977. The NOAA/NCAR cloud physics sa-Llp.lane 
fL..J cloud penetrat ions in South Park during both July and Augus t, 
:)ftcn in cCJrciiq.'lcion with the T,iciar svstem rind Doppler radar. r,e 
sa i tplal1E,' "'18S also c()\lrdinated IN'i th the t~N'n 1111reau of Reel arn;H i(m cloud 
7 
physics aircraft, which flew cloud penetration, first echo studies, and 
small-mesoscale (South Park scale) patterns during August. 
In conjunction with the Bureau of Reclamation High Plains Experi-
ment(HIPLEX), .the SPACE program also gathered data over a region ap-
proximately 500 km (east to west) by 200 km (north to south) extending 
from west of South Park to east of Goodland, Kansas (Fig. 2). Three 
rawinsondes were launched daily from Limon, Colorado, usually at 
0600 MDT (1200 GMT), 1300 MDT (1900 GMT), and 1800 MDT (0000 GMT). Two 
or three rawinsondes were launched daily by HIPLEX personnel at Goodland, 
Kansas, usually at 0600 MDT (some days), 1200 MDT, and 1800 MDT. These 
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Figure 2. Map of extended SPACE/HIPLEX experimental area, with 
averaged terrain contours every 304.8m (1000 feet). The large circles 
represent radar effective coverage areas. 
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at 0600 HDT and 1800 MDT, taken at Denver and other NWS sites. Seven-
teen recording surface stations were maintained between the Front Range 
and Goodland. In addition to the CSU FPS-18 radar previously mentioned, 
data are also available from the NWS WSR-57 radar at Limon (PPI photos 
and traces only) and the HIPLEX radar at Goodland. These three radars 
generally provided continuous coverage of eastward moving storms from 
the central Rockies to western Kansas. Satellite data applicable to 
this larger scale are available in visible and infrared, with several 
days' data having been digitized and stored on magnetic tape. Two 
days of "rapid scan" satellite imagery are available, taken at three or 
nine minute intervals. Also on "rapid scan" days, supplementary rawin-
sondes were taken at 1200 MDT at five NWS rawinsonde sites, including 
Denver and Grand Junction, Colorado. 
In the two case study analyses, most of these data sources have 
been utilized. Soundings and vertical cross sections have been con-
structed using Grand Junction, South Park, Limon, and Goodland rawin-· 
sondes, tether balloons, and powered aircraft. Surface maps have beE!n 
constructed using PAM and conventional surface data, composited with 
cp-3 radar data. Radar summaries us ing CBS-4, CP-3, Limon, and Goodland 
radars are used on a larger scale, also composited with surface data, 
and compared with satellite cloud pictures. As each data type is in--
troduced, the analysis technique is decribed in greater detail. 
2.0 BACKGROUND 
The effects of mountainous terrain on the formation of cumulus 
clouds and cumulonimbus systems can be divided into two basic classes. 
One class consists of purely dynamic effects resulting from deflection 
or alteration of a pre-existing mean flow by terrain features. Examples 
of this class are orographic cloud formation and genesis of cyclonic 
storms in eastern Colorado, on the lee side of the mountains relative 
to the prevailing westerlies. This class dominates precipitation pat-
terns in the winter, and during passage of synoptic storms. 
The second class of terrain effects includes dynamic and thermo-
dynamic effects resulting from the diurnal cycle of solar heating on 
the mountainous terrain. Heating and cooling of the air near the slope 
surface creates horizontal temperature and pressure gradients, relative 
to the free air at the same elevation. These pressure and temperature 
gradients drive various types of flow patterns, including slope winds, 
mountain-valley winds, katabatic outflow, etc. Surface heating at high 
elevations creates a very deep planetary boundary layer (PBL) and in-
creases the instability of the atmosphere. The combination of a deep 
PBL, enhanced instability, and upslope winds can create ideal conditions 
for the formation and growth of cumulus clouds and cumulonimbus systems. 
This class of motion is most important in the summer, and when synoptic 
scale forcing is weak. 
This chapter consists of a review of observations and theories 
by various researchers which relate to thermally induced flow patterns 
around mountainous terrain, and the convective storm systems which are 
influenced by these patterns. Special attention will be focused on 
the Colorado Rockies and the Great Plains to the east. 
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2.1 Slope Winds and Mountain-Valley Winds 
Local upslope winds on mountain slopes have been noticed for 
centuries, and have been written about in the literature since 1840 
(see Dirks, 1969). Detailed aerological studies of slope and valley 
winds were made in the Alps in the 1930s. A review of these studies 
by Defant (1951) sununarized the earlier slope wind observations and 
theories. 
Basically, upslope winds are caused by heating of the air next to 
the slope, so that it is warmer and less dense than. the adjacent free 
air at the same elevation. On a mountain slope, upslope winds com-
mence 1/4 to 3/4 hours after sunrise, and continue until sunset (Defant, 
1951). The depth of upslope flow is typically 100-200 m, with speeds 
-1 
about 3-5 ms . At sunset, the surface wind quickly shifts to a down-
slope direction through a somewhat shallower layer. 
On a larger scale, diurnal winds also blow up and down mountain 
valleys. The distinction here made between valley winds and slope 
winds is that valley winds occur on horizontal scales larger than any 
individual slope. Hence, valley winds do not necessarily blow in a 
direction parallel to the local terrain fall line, as do slope winds. 
Defant (1951) reported results of the Alpine valley wind observations 
by A. Wagner and others. Wagner observed that the diurnal temperature 
range is greater in the higher reaches of the valley than below. This 
crea tes a surface pressure grad ient ~Thich dri.ves the valley wind. 
Fig. 3 (from Defant, 1951) shmvs how slope winds on the sides of th'2 






Schematic illustration of th(' 11C>rm31 
diurnal variations of the air cur-
rents in a valley. (After F. Defant 
[17]. ) 
(a) Sunrise; onset of upslope winds 
(white arrows), continuation of 
mountain wind (black arrows). Valley 
cold, plains warm. 
(b) Forenoon (about 1900); strong 
slope winds, transition from moun-
tain wind to valley wind. Valley 
temperature same as plains. 
(c) Noon and early afternoon; 
diminishing slope "inds, fully de-
veloped valley wind. Valley warmer 
than plains. 
Cd) Late afternoon; slope winds 
have ceased, valle~' wind continues. 
Valley continues warmer than plains. 
«(~) Evening; onset of downslope 
winds, diminishing valley wind. 
Valley only slightly warmer than 
plains. 
(f) Early night; (,ell-developed 
dm'lllsiope winds, transition from 
valley wind to mountain wind. Valley 
and plains at same temperature. 
(g) HiddLe of night; dOlroslope 
winds continue, mountai.n wind fully 
developed. Valley colder than plains. 
(h) Late night to morning; down-
slope winds halTe ceased, mc,untain 
wind fills valley. Valley colder 
th:m plains. 
Figure 3. Schematic of the interactic'llS between valley winds and 
slope winds for a complete 24 hour diurnal cycle. From Defant (1951). 
manner. Wagner found that the diurnal temperature and pressure varia-
tions over the center of the valley were equalized at about the height 
of the surrounding ridges. 
Mountain-valley winds usually begin somewhat after slope winds, 
according to the size, shape, and aspect of the valley. Both slope 
and valley winds commence earlier on slopes which face eastward and 
thus receive enhanced solar heating during the morning hours. Buettner 
(1967) observed valley winds of over 1 km depth, somewhat deeper than 
the valley itself (Fig. 4a), with upslope winds on at least one side of 
the valley (Fig. 4a corresponds to Fig. 3c). Above the valley wind, 
an anti-valley wind, possibly return flow, exists in a layer about 
500 m deep. A similar, but reversed, flow exists at night (Fig. 4b, 
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Figure 4. a) Observed interaction of valley and slope winds near 
local noon. Similar to Fig. 3c. b) Observed downslope drainage winds 
before sunrise. Similar to Fig. 3g or 3h. From Buettner (1967). 
corresponding to Fig. 3g). Above the direct and indirect circulations, 
the gradient wind prevails. 
Many deviations from this idealized valley flow are possible. TIle 
Maloja effect, observed both in the Alps (Defant, 1951) and the Cas-
cades (Buettner, 1967) is a reversal of the "normal" valley wind. It 
is caused by thermal slope winds which occur on a scale larger than 
that of the valley in question, as might occur if a larger valley lies 
on the opposite s i.de of a mountain pass. If a valley is too broad, the 
gradient wind will overcome the valley flow. Whiteman and McKee (1977) 
observed that in winter, the valley wind can occur above a strong 
tempf!rature inversion, which lowers to the surface as the day 
progresses. 
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2.2 Evolution of the Subcloud Planetary Boundary Layer 
We have seen that local slope winds and the more general mountain-
valley winds occur in response to thermal differences between mountain 
slopes and the adjacent free air. This thermal forcing also largely 
determines the structure of the planetary boundary layer (PBL). 
The pattern of PBL evolution over flat terrain is well known 
(Deardorff, 1967; Tennekes, 1973). Before sunrise, a surface-based 
inversion exists, typically 300 m deep, above which the vertical lapse 
rate is almost neutral. After sunrise, surface heating generates a 
thin neutral layer below the inversion, which slowly grows deeper, as 
the surface rapidly warms. By mid-morning, the nocturnal inversion 
is gone, and the neutral PBL is growing rapidly through the marginally 
stable layer; however, the surface temperature is increasing more slow-
ly. As the PBL depth increases, the depth and strength of the surface 
superadiabatic layer also increases. At the top of the PBL, buoyant 
bubbles from the surface layer penetrate above the neutral layer, en-
training mid-tropospheric air and causing the PBL to grow. The depth 
to which the boundary layer grows is limited by mid-tropospheric 
stability, vertical motion, cloud formation, possible horizontal ad-
vection, precipitation downdrafts, etc. Around sunset, the surface in-
version re-establishes itself, causing a rapid, large reduction in 
vertical mixing and shear stress. 
Over mountainous terrain, PBL evolution may be far more complex. 
SPACE 1977 data have already revealed some of these complexities. Be-
fore sunrise, the mountain slopes act to cool the surface layer, gener-
ating downslope drainage winds, which tend to pool the coldest, most 
stable air (lowest potential temperature) in local depressions, river 
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valleys. etc. (George and Cotton, 1978). Upva11ey l07inds in South Park 
form within a thin convective PBL, typically 1-2 hours after sunrise 
(Banta and Cotton, 1979). The onset of upslope winds is oftt:'n accorn-
panied by a sudden temperature drop and moisture increase at the Hur-
face. Some implications of this cool upslope flow to vertical stability 
and subsequent PBL evolution were revealed in the course of the case 
study analysis of August 4, 1977. The data and a more detailed dis-
cuss ion of PBL evolution in South Park are presented in chapters 4 
and 5. 
Cumulus clouds have long been observed to form earliest !)ve.r the 
slopes of high mountain peaks and ridges. Braham and Draginis (1960), 
using aircraft measurements, observed a wide column of air, sc'mewhat 
cooler than the environment, over a mountain peak i.n southern Arizona 
at the time of first cumulus formation (10001,S1'). This air had been 
lifted about 1. 5 km, ~Yhereas pre-sunY J se measurements shpwed that the 
mountain barrier produced only 300 m of urographic 1. i Fting, ,!ritb envi-
-1 
ronmental winds of 3-5 ms . Braham and flraginis attributed this 
enhanced lifting to local convergencp oVpy the peaks and ridges caus.ed 
by slope winds. This mechanism cou ld OVel"COme the negat ive buoyancy 
caused by a stably stratified atmosphere and cool advection caused by 
slope winds. Additional buoyancy would result from a virtual tempera"" 
ture excess caused by moisture advected from low J evel!': hy upslope winds, 
A competing mechanism for orogenic inducement of Cl1mltlup, clouds 
is the idea that large amounts of positivE' buoyancy would be created 
by strong heating on the steep mountain sJopes. Thns. a series of 
large, buoyant parcels would be produced near the T11otlT1tain peaks, a:1d 
would rise because of buoyant forces. /I passing a'j rcril ft cou] d ,~ample 
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this parcel after it had overshot the level of neutral buoyancy in a 
stably stratified environment, giving the appearance that the aircraft 
had passed through a "cold core" updraft. An early two-dimensional 
model study of upslope winds (Orville, 1964) indicated that cold core 
updrafts may be important in an initial environment whose potential 
temperature increased vertically at 10 K/km, while of course only buoy-
ant parcels are prQduced in a neutral initial environment. Thus, the 
updrafts will be more and more buoyant as the day progresses and the 
environment becomes less stable. 
In South Park, the first cumulus clouds appear, usually over the 
Mosquito Range, at about 0930 MDT or 1000 MDT (sunrise at 0620 MDT). 
SPACE aircraft data (Banta and Cotton, 1979), indicate that a cold 
updraft, similar to that found by Braham and Draginis (1960) may be 
present at about 0900 MDT over the Mosquitoes. Other SPACE data, pre-
sented in chapter 4, indicate that surface air parcels are thermally 
buoyant at the time of first cumulus cloud formation. 
2.3 Mountain Thunderstorm Formation, Movement, and Propagation 
Convective precipitation (Fujita, 1967) and radar precipitation 
echoes (Huggins, 1975) also tend to be maximized near the highest 
mountain peaks, for many of the same reasons that small cumulus clouds 
form earliest over these peaks. In this section, we will discuss the 
formation of the first thunderstorms over the mountains and their sub-
sequent patterns of translation and propagation. 
The regular occurrence of thunderstorms which are induced by 
thermal heating on the elevated terrain (which we call "orogenic" 
thunderstorms) in or near South Park makes it an ideal site for a 
variety of convective storm research activities. Danielson (1975) 
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used stereo photogrammetry to measure initial cumulus size and sub-
sequent growth during SPACE 1973. Huggins (1975) used an M-33 radar 
to document initiation and growth of precipitation echoes in the sarile 
clouds. Some ideas of the processes which initiate mountain thunder-
storms can be gained by comparing their cloud and echo observat.ions with 
the available South Park rawinsondes. 
South Park soundings from 1973 indicate that a strongly stable or 
inversion layer was present in the layer 500 mb - 400 mb on many convec-
tive days, early in the day. Averaged soundings from 12 expe.d.mental 
days (days on which mountain thunderstorms were observed with radar), 
taken at 0800 MDT and lDO MDT (Huggins, 1975), indicate the following: 
i) The strength and ve;r-tical extent of the stable layer decreased 
between 0800 MDT (before any small cumulus clouds had formed) 
and 1130 MDT (after formation of orogenic cumulus clouds). 
ii) By 1130 MDT, the convective PBL extended up to 550 mb, or 
about 5.0 km MSL. 
iii) Average convective cloud base was also 550 mb, with an a.rea 
of positive buoyancy (conditional instability) extending to 
the average inversion level <-It 460 mb (6.2 krn MSL). 
Huggins' average first radar echo for the 12 cases in 1973 extended 
from 505 mb at the echo base to 385 mb, or 7.5 kmMSL, at the initial echo 
top. Thus, the first echo occurred in a convective thermal which penetJrated 
the level of the mean inversion at 460 mb. Average time of the firste,::hoes 
was 1200 MDT, somewhat after the 1130 MDT rawinsondes, which suggests 
that cumulus convection was being capped by a weakening inversion at 460 ~111 
on the 1130 MDT soundings. Danielson (1975) presented a case in ,.;rhich the 
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height of small orogenic cumulus clouds grew to 7.0 km MSL before 
1000 MDT, then remained constant until 1045 MDT, when one cloud sudden-
ly grew to over 15 km. The 1000 MDT sounding for that day shows a weak 
stable layer at 410 mb, or 7.0 km. 
The pattern of these observations can be explained partly as being 
a case of clouds modifying the environment. The earliest cumulus clouds 
would form below the inversion, with cloud top at or just above the 
inversion, due to the upward momentum of the buoyant cloud parcels. By 
a process of warming below the inversion through release of latent heat, 
and cooling above the inversion by evaporation at cloud top, the small 
cumulus clouds would tend to eliminate the inversion and create a moist 
adiabatic lapse rate in the cloud layer. Simultaneously, the deep PBL 
would slowly warm up, further decreasing stability. Thus, the barrier 
to deep convection would be removed by about 1200 MDT, allowing forma-
tion of clouds deep enough, and with cold enough tops, to initiate 
an ice-phase precipitation process and form precipitation radar echoes. 
A radar climatology of first echoes (Huggins, 1975) in the South 
Park area revealed the presence of preferred mountain thunderstorm 
genesis areas, or radar "hot spots". Two of the strongest of these are 
on the east slope of the Ten-mile Range just north of Hoosier Pass 
and on the eastern foothills of the Mosquito Range a few km northwest 
of the SPACE base. Using Limon radar d~ta, Henz (1974) showed that 
first echoes preferred certain areas of the Front Range, particularly 
east-facing slopes between 2.0 km and 2.3 km MSL. Henz l study did not 
include the higher ranges of the Rockies or South Park. Median time 
of earliest echo formation was about 1100 MDT in most of Henz l Front 
Range "hot spots". This might be slightly earlier than the time of 
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first echo in South Park. Henz concluded that the importance of "hot 
spots" was associated with their favorable slope, aspect, and access 
to Plains low-level moisture, which would create moist, convergent 
upslope winds over the "hot spots". Thus larger, moister cloud parcels 
than those occurring in South Park might overcome the upper inversion 
more easily. The significance of "hot spots" to High Plains precipita-
tion patterns will be discussed in a later section. 
Once formed, early mountain convective cells (precipitation echoes) 
tend to move and propagate downwind relative to the mean upper winds, 
which are usually (but not always) between southwest and northwest. 
Whether or not these systems can persist and grow as they move away 
from their genesis region is dependent on a complex set of environmental 
conditions. 
Erbes (1978) studied the motions of echo systems detectable from 
the Kenosha Pass radar site during the 1974 SPACE field program. He 
found that those systems which moved a substantial distance downwind 
did so by means of discrete propagation on their forward edge (downwind 
and downshear relative to the cloud layer). The right forward flank 
of the storm system (relative to mean winds) was the preferred location 
for new cell growth. Cell speed was usually about half of mean wind 
speed, while system propagation speed sometimes exceeded wind speed. 
Erbes proposed that this propagation could be explained as occurrin~ 
in an area of convergence between coherent upslope easterly winds (.::on-
taining enhanced low-level moisture) and penetrative downdrafts from 
the already existing cells. These downdrafts would serve to bring 
westerly momentum from the cloud layer down to the surface. Being 
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cooler than the low-level environment, the downdrafts would flow down-
hill, also tending to increase their westerly momentum, and thus in-
crease the amount of low-level convergence ahead of the storm system. 
A major objective of SPACE 1977 was to explore this concept further, 
using PAM surface stations to locate these "downdraft fronts" in space 
and time, and radar to detect developing cells. Erbes also noticed that 
the strength of a propagating system was greater when mean winds were 
stronger. This could be due partly to stronger convergence resulting 
from stronger downdraft winds. 
Eastward propagating systems such as those examined by Erbes (1978) 
were the prime focus of the SPACE 1977 field program. In these systems, 
the direction of the upper winds, vertical wind shear, thunderstorm 
downdrafts, cell translation, and system propagation are all basically 
westerly. Thus, individual cell downdrafts act to increase convergence 
ahead of the cell and directly promote system propagation. However, 
the case study analysis of July 19, 1977 (chapter 3) has revealed that 
another type of storm outflow-induced propagation may also be important 
on certain days. This is the so-called "density current" observed in 
tropical squall lines (Moncreiff and Miller, 1976). In cell environ-
ments with basically two-dimensional wind shear (speed but not direc-
tional shear), the downdrafts from many convective cells can form a 
pool of cool, rain-chilled low-level air which flows against the pre-
vailing wind, even though each individual downdraft has downwind momen-
tum. This low-level flow creates convergence and increased low-level 
moisture on the upshear-side of the convective system, as well as pro-
viding increased vertical wind shear in the cell environment. Thus, 
the intensity of the convective storms will be enhanced, while the 
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storm will propagate discretely from the upshear side. In chapter 3, 
we will relate this concept to actual observations from July 19. 
2.4 Significance of Topographic Influences on High Plains Convective 
Activ:Lty 
The region of the High Plains immediately to the east of the Rocky 
Mountain foothills is a heavily populated mixture of agricultural areas 
and urban c.eters. Mean summertime precipitation data (Fig. 5) show 
that much of this zone receives less summertime rainfall than either 
the mountains to the west or the eastern Colorado plains. High amounts 
of rainfall are concentrated over the highest ranges, with a minimum 
coinciding with South Park. A maximum extends out into the plains 
northeast of Colorado Springs, coinciding with the Palmer Lake Divide. 
As on.e moves east toward the Kansas border, total summer prec.ipitation 
gradually increases. The dry region immediately east of the foothills 
is more remote from the Gulf of Mexic.o source of low-level moisture 
than areas to the east. At the same time, this region lacks the direct 
terrain forcing of cumulus clouds present in the mountains to the west. 
A large proportion of convective precipitation which falls on 
the eastern Colorado plains comes from mesoscale convective systems, 
which often take the form of squall lines (Henz, 1975). These mesoscale 
convective systems occur most often in the afternoon in eastern Colorado. 
Thus, their initiation may often be coincident in space and time with 
the eastwardly propagating thunderstorm systems which have their origins 
in mountain thunderstorms. In this section, observations of these 
storms immediately east of the Rockies are examined. The development ,< 
plains mesoscale systems are docu.mented, and possible connect.ions wi.th 
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Figure 5. Colorado map showing normal May-September precipitation 
(1931-1960) east of longitude 106oW. Iso1ines are in inches (1 in. = 
25.4mm). From Dirks (1969). Analysis from U.S. Department of Commerce 
map. 
the diurnal mountain thunderstorms are suggested. Also, some proposed 
dynamic mechanisms for squall-line formation which occur on scales 
larger than that of mountain thunderstorms will be examined. Finally, 
the connection between these afternoon systems of the western plains 
and the well-known nocturnal precipitation maximum of the central 
Great Plains will be investigated. 
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The time of maximum echo generation generally occurs at about 
1300 MDT for almost all mountainous areas in central and eastern Colo-· 
rado (Henz, 1974). However, the frequency of echo generation is muc:! 
greater over a few "hot spots" than over the remainder of the mountains 
and foothills. Henz found that hot spots existed well out into the 
plains along the Cheyenne Ridge and the Palmer Lake Divide. Among 
the strongest of the Front Range genesis areas is the valley of the 
South Platte River directly east of South Park. The north slope of 
the Palmer Lake Divide is an eastward extension of this hot spot. A 
storm moving eastward from South Park would pass through each of these 
regions in turn. Henz did not tabulate radar echoes over mountainous 
areas higher than 2.3 km elevation, due to attenuation of the radar 
beam by terrain features (scan elevation angle of the NWS WSR-57 radar 
at Limon was only ~o). A similar pattern exists on the east slopes of 
the Black Hills of South Dakota (Kuo and Orville, 1973). Radar studies 
there have shown an echo maximum over the highest peaks at about 1300 
local time, with subsequent movement of the echo maximum downwind as 
the afternoon progresses. 
Both precipitation and severe weather events over the High Plains 
were related by Henz (1974) to Front Range "hot spots". Forty-one 
percent of convective systems and seventy-three percent of severe 
weather producing systems observed in Henz' radar studies originated 
over "hot spots". 
A two-dimensional numerical vorticity model was used by Dirks 
(19()9) to simulatf?' the pattern of mean flow and vertical motion in thE" 
lee of a north-south mountain barrier (the Front Range). The mode] 
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predicted that return flow from large scale slope winds would create 
a zone of strong subsidence 50-100 km east of the mountain barrier. 
Farther east, the model predicted weak upward motion at the top of 
the boundary layer. Thus, the predicted pattern of vertical motion was 
somewhat consistent with the observed summer time precipitation shown 
in Fig. 5. Henz l (1974) and Wetzel's (1973) radar climato10gies con-
firm the existence of a suppressed region immediately east of the 
mountains, and Wetzel (but not Renz) finds a moderate genesis area 
farther east. Both Henz and Wetzel confirm the preference of 
convective development for the Cheyenne Ridge and Palmer Lake Divide 
areas. Henz also found that many areas of the plains-foothills inter-
face had a secondary maximum of convective development at about 1600-
1800 MDT. This may be partly due to the initiation of thunderstorms 
by evening downslope drainage winds, which would create low-level con-
vergence at the foot of the slopes. 
The large north-to-south gradients of precipitation and radar 
activity, associated especially with the Palmer Lake Divide area, point 
out the inadequacy of a two-dimensional approach to eastern Colorado 
convective patterns. A recent application of the Pielke three-dimen-
sional mesoscale model (Pie1ke, 1974) to the topography of Colorado was 
done by Hughes (1978). When initialized with an actual case study 
sounding (from Aug. 4, 1977), and driven by realistic surface tempera-
tures, this model generates large scale patterns of terrain-generated 
convergence and divergence which are consistent with observed convec-
tive patterns, including the enhancement of vertical motion over the 
Palmer Lake Divide in the afternoon. However, this model failed to 
develop the upslope surface winds commonly observed in the afternoon. 
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Cr('w (969) graphed the diurnal pattern of "wajor" precipitntisn 
events (rain> 2.5 llllll/hr) for eac.h of a series of north-tn-south lines, 
exterdi_ng from the western edge of the plains to eastern K;:msas (ri",. 6). 
He found that the daily maximum occurred at 17-1800 MDT at the western 
line of stations (Ft. Collins-Pueblo), 2200 MDT at the Colorado-Kansas 
border, and 0300 MDT (same as Central Standard Time. CST) the next day 
in eastern Kansas and Nebraska. Wetzel (1973) shows a similar sequence 
for radar echoes in eastern Colorado, with a maximum in rada:. echoes at 
2000 MDT in eastern Colorado, compared to 2200 MDT for Craw's major 
precipitation events for the same region. Thus, large rainfall events 
occur at a later time than do all echoes in eastern Colorado. Th1s is 
not consistent with the diurnal trend in static stability, since the 
largest storms occur after sunset, when stability would be increasing. 
The well-known r.n~i'lt Plains nocturnal precipitation area is 10--
cated in eastern Kansas and Nebraska, near the Genoa-Hichita line in 
Fig. 6. Thunderstorm data, stratified into quarter days (Fig. 7) 
demonstrate the existence of this region and also show that the High 
Plains of eastern Colorado are a region of rapid transition between an 
area of daytime convection to the west and night-time convection to 
the east. 
The transitional nature of the region of eastern Colorado is em-
phasized in a rawinsonde analysis by Holzworth (1964). In this study, 
the maximum mixing depth, approximately the maximum altitude rE'ached 
by thermally-forced parcels in the afternoon, was determined for. 45 
ra¥linsonde stations in the eontiguous United States. The dat:,~·"pre 
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Figure 6. a) Six groups of stations with north-south orientations 
used in the timing analysis of convective shower activity. b) Timing of 
major convective activity for ten-year summary of hourly precipitation 
> .10 inch for the six groups of stations (from Crow, 1969). 
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Figure 7. Percentap,e of summer thunderstorm occurrences per 
quar.ter day. From Hyciromdeoro1ogica1 Report, 1947. 
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stratified by months. The results for July are shown in Fig. 8a. Dry, 
mountainous sites in the Southwest have mixing depths of over 3 km AGL 
while the central plains have very thin mixing layers, less than 1.5 km 
AGL (Denver, unfortunately ommitted from this analysis, would be 
expected to have an intermediate result). When the afternoon lifted 
condensation level (LeL) is compared to the maximum mixing depth, an 
interesting pattern is obtained (Fig. 8b). Even considering the high 
r 
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Figure 8. a) The mean maximum mixing depth (m) for July, from 10 
years sounding data over the contiguous United States. b) Differences, 
in meters, between mean lifted condensation level and mean maximum 
mixing depth for July. A positive value (dashed contours) indicates 
that the condensation level is higher than the mixing depth. From 
Holzworth (1964). 
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values of low-level moisture present in the centra] plains, the LeL 
is above the mixing depth, while the LCL occurs well within the mixing 
depth for dry Southwestern locations. Thus, convective clouds in the 
central plains tend not to be produced by vertical thermal forcing in 
the summer. This result emphasizes the necessity of mesoscale low-
level convergence in the creation of plains convective storms. 
Wallace (1975) determined the diurnal pattern of precipl.tation 
over the U. S. by harmonic analysis of ten years of hourly precipita1:ion 
data. He found that all precipitation events, heavy rainfall, and 
thunderstorms have a strong diurnal peak at 1700 MDT at Denver (Junl~­
August data). As one moves eastward, heavy rainfall (>2.5 mm/hr) has 
a progressively later peak, on about the same schedule as Crowls data 
(Fig. 6). All precipitation events (including trace events) peak 
later in the night and have less diurnal modulation, while thunder-
storms peak earlier and are more strongly modulated. Thus, in east,=rn 
Kansas, all precipitation peaks at 0500 LST, heavy rain peaks at 
0300 LST, and thunderstorms are most prevalent at midnight. This would 
indicate that while the oc~urrence of precipitation is completely out 
of phase with the diurnal cycle of static stability, the seveJ}J:.Y of 
convection is more in phase with the solar heating cycle. 
While the oecurrence of thunderstorms in the mountains can be 
strongly correlated ,,1ith t.hermodynamic factors caused by diunlal 
heating, the risE~ of plains mesoscale systems must be. controlled by 
mesoscale dynamic features. Bleeker and Andre (1951) used 2 years 0: 
4 times da ily Pibal data for August to compute divergence and conver-




Figure 9. Change in divergence between two successive sets of 
balloon wind observations, for all days in August 1947 and August 1948. 
a) 2200-0400 CST (Central Standard Time; same as MDT, or Mountain Day-
light Time) or nighttime. b) 0400-1000 CST, early morning. c) 1000-
1600 CST, midday. D) 1600-2200 CST, evening. Levels are 1.2 km (4000 
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Figure 10. Westerly component of the mean departure vector as Ci 
function of altitude and time, derived from 4 x daily balloon flightF. 
Data for 28 undisturbed summer days at Denver, Colorado; Amarillo, TE~Xd.S; 
nnd Dodge City, Kansas. From Dirks (1969). 
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divergence was generated at low levels throughout the Great Plains 
during the day (Fig. 9c, 1000-1600 CST), with a maximum of divergence 
in eastern Colorado at 10,000 ft (3.0 km). During the late afternoon 
and early evening (Fig. 9d, 1600-2200 CST), convergence was generated 
at 10,000 ft (3.0 km) (near the top of the PBL) in the plains, with a 
maximum in northeastern Colorado. Throughout the night (Fig. 9a, 
2200-0400 CST), strong low-level convergence was generated over the 
central plains, with divergence at low and middle levels over the 
western plains. 
Serial rawinsonde data taken at Fort Worth, Texas (Hering and 
Borden, 1962) and at Denver, Amarillo, Texas, and Dodge City, Kansas 
(Dirks, 1969) reveal diurnal oscillations at both lower and upper 
levels. The westerly departure from the mean as a function of time is 
shown for three stations in Fig. 10, for 28 relatively undisturbed 
summer days. The diurnal pattern at Dodge City and Amarillo lags that 
at Denver by 5-6 hours. Notice also that the depth of the lower oscil-
lating cell is greatest at Denver, such that the 3 km level is the level 
of greatest oscillation at Denver, while this level is above the os-
cillating cells at the other stations. This agrees qualitatively with 
Fig. 8, where the largest generation of convergence and divergence at 
3.0 km occurs over eastern Colorado, but not farther east. Wetzel 
(1973) used serial rawinsondes from the NHRE area in northeastern 
Colorado to show a similar diurnal wind shift for "moderate" convective 
precipitation days ("dry" and "wet" days were dominated by westerly 
(dry) and southeasterly (wet) synoptic winds). By 1800 MDT on moderate 
days, winds had shifted through north to almost due east in the layer 
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surface (890 mb) -7 /-lO mb (rv1. 5 km deep). Mooahl (1978) used 3 yean: 
of NHRE data to show a similar result (shift from west to east at 
low levels), but by his stratification of days, hailfall days had 
the greatest shift during the day, and the greatest westward moisture 
advection. 
Dirks (1969, chapter VII) reviewed the many possible atmospheric 
waves which could serve to modulate mesoscale convective activity in 
the lee of the Rockies. Of particular interest were internal gravity 
waves at the top of the planetary boundary layer and mountain lee waves. 
Dirks concluded, however, that no wave phenomenon could be found whi.ch 
persisted across such a broad range of conitions as the observed C.011.-
vective pattern. A detailed look at the many types of atmospheric. 
waves is beyond the scope of this paper. 
A related boundary layer phenomenon which may be significant to 
the propagation process is the so-called "low level jet". A persis-
tent feature of the central U.S., especially the southern plains, is 
a low-level maximum in wind speed. Blackadar (1957) observed that, in 
many cases, this maximum occurs before sunrise at the top of the well-
developed nocturnal inverson (typically 500 m AGL). Blackadar showE!d 
that, under conditions of constant geostrophic flow, the excess of wind 
speed over geostrophic ,at night was similar to the defieit of wind 
speed below geostrophic during the day. He derived an inertial oscLl-
lation which would have the greatest amplitude just above the inversicp>-
where the difference between daytime and nighttime shear stress would 
be greatest. This oscillation has a period of one-half pendulum day 
or l2hr/sin <p (where tP = latitude), which would bring the inertial and 
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geostrophic components into phase 8-12 hours after sunset in the central 
U.S., creating a supergeostrophic wind speed maximum. The oscillation 
would create a departure vector from geostrophic which would rotate in 
a clockwise sense. This clockwise rotation has been observed by Hering 
and Borden (1962), Bonner (1968), and many others. 
Low-level wind maxima occur most frequently in the area of western 
Kansas and Oklahoma (Bonner, 1968, Fig. 11). When simultaneous wind 
data are plotted for a low horizontal surface (such as the 850 mb 
level), a coherent pattern similar to an upper level jet stream is 
sometimes revealed. On the northern, or downstream side of the jet 
maximum, low-level convergence occurs, which can be correlated with 
nocturnal thunderstorm activity (Pitchford and London, 1962). Bonner 
(1968) shows that these jet maxima tend to recur in a relatively small 
area in Kansas and Oklahoma (Fig. 12). Thus, the downstream conver-
gence associated with the low-level jet occurs in roughly the same 
area as nocturnal showers (Fig. 7) and low-level convergence (Fig. 8) 
already mentioned. This horizontal jet profile and the vertical low-
level wind maximum are both referred to as a "low-level jet" by dif-
ferent authors. 
While the observations of the low-level jet seem to relate well 
to the observed nocturnal precipitation maximum, a complete explanation 
of the jet and its relationship to the west-to-east pattern of meso-
scale propagation have not been forthcoming. Blackadar (1957) mentions 
that the phase of his free inertial oscillation depends on the initial 
departure vector from geostrophic at sunset. Extending this concept, 
we observe that an easterly component of the direct slope wind, coupled 
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Figure 11. Number of low-level wind maxima, here defined as a w'ind 
speed of over 12 ms-1 occurring below 1.5 km AGL, with a decrease of1Nind 
speed above the maximum of 6 ms-1 or more, during two complete years, 
for soundings at 0600 MDT and 1800 MDT. (A total of 1462 soundings at 
each station). F'rl)m Bonner (1968). 






Figure 12. Loc~tion of core of the horizontaJ low-level je~, f0, 
28 selected cases. Ibe star represents the median location of all the 
jet cores. The f'Tl'.'p1.npe cfmtai.ns 26 of the 28 jet: r~xes. Terrnin eon-
tG'lrS in km ,HE' inr.-lucipd. From 13onnf'r (19FJR). 
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with frictional turning of th.e wind, could result in an easterly turning 
of the basic southerly current along east-facing slopes during the day. 
Thus, the western plains, which are steeper than those farther east, 
would have a departure vector from geostrophic which would be advanced 
in a clockwise direction at sunset. This would mean that the maximum 
southerly jet would occur earlier farther west, creating a convergence 
zone which would move from west to east. 
Lettau (1967) observed that Blackadar's idea had two basic short-
comings. It predicted the time of wind maximum to be a function of 
latitude, contrary to observation, and it failed to explain the geo-
graphic distribution of low-level wind maxima (Fig. 11). Lettau pro-
posed the "thermo-tidal wind", which would apply over any large terrain 
slope. This was an extension of Backadar's theory, to include a diur-
nal oscillation of the geostrophic wind due to heating on even very 
slight terrain slopes (1:400 at O'Neill, Neb.). This would tend to 
keep the period of the oscillation at 24 hours at all latitudes. Data 
showing a diurnal oscillation of the east-west height gradient at 850mb 
in the plains (Dirks, 1969) tend to support Lettau's ideas, as does the 
24-hour periodicity in winds found by Hering and Borden (1962) and 
Bonner (1968), among others. Using an assumed correlation between 
terrain elevation and geostrophic wind, Lettau achieved very good 
agreement with the O'Neill data set in the lowest 1.5 km, for a dry, 
undisturbed day (Lettau, 1967). 
This discussion of topographic influence on plains convective 
activity is by no means comprehensive or exhaustive. The subject is 
far too complex for an adequate treatment here. We merely wish to 
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suggest a number of ways in which terrain-induced flow patterns may 
help explain the observed pattern of convective activity. 
In the fo11mving chapters, case study analyses of tvlO sepa"rate 
operational days from the SPACE 1977 data set are examined for evidence 
of various terrain-induced effects on the convective precipitation pro-
cess. The analyses are partitioned into three basic phases. The 
first phase is the morning evolution and destabilization of the PBL in 
South Park. The second phase documents the appearance of orogenic. 
cumulus clouds and thunderstorms, and their patterns of translation 
and propagation. The third phase includes the development of mesoscale 
convective systems and their eastward movement across the high plains. 
This phase was observed in only one of the case studies, August 4. In 
the final chapter, the information from this chapter and the knowledge 
gained from the case studies are combined into a conceptual model of 
terrain-induced convective precipitation patterns. Fi.na11y, it is 
suggested what possible further analysis of South Park data might re-· 
veal, and also the form future field projects might take. 
3.0 19 JUL 1977 CASE STUDY 
One of the two initial case study days chosen was 19 July 1977. 
This day was characterized by extremely intense, long-lived thunder-
storms which lasted until late in the day, but did not propagate east-
ward onto the plains. The storms formed within South Park and moved 
generally northward with the mean flow, at relatively slow speeds. CP-3 
radar reported echo tops of over 15 km, and reflectivities of at least 
55 dBz within South Park. Although a few similar large cells formed 
in the Denver and Fort Collins areas, the plains generally remained 
cloud-free throughout the day, with extreme high temperatures of over 
350 C. 
This day was chosen for intensive analysis because it should pro-
vide a detailed data set, including triple-Doppler radar, of intense, 
quasi-steady-state thunderstorm systems. These data should be suitable 
for initiation of and comparison with three-dimensional numerical 
thunderstorm models. Thus, this day serves as a basis for comparing 
and contrasting the character of mesoscale organization on eastward 
propagating days with that on days when mesoscale storms occur, but 
do not propagate eastward. The storms occurred generally in an environ-
ment of light winds and low vertical wind shear. The data which are 
used to describe these sytems consist mainly of rawinsondes, surface 
meteorological station data (PAM), and radar PPI scans. It is demon-
strated that the intensity of convection within South Park on July 19 
was largely dependent on boundary layer Pacific moisture which advected 
eastward across the Rocky Mountains during the day. 
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3.1 19 July 1977 - Synoptic Situation 
On July 18 and for several days preceding it, most of the United 
States, including the Southwest, was under a vast subtropical high 
pressure center. 500 mb winds were light and usually southerly in t.he 
Southwest, bringing deep Pacific moisture inland. East of the Rockies, 
the air under the high was very dry. On July 18, 500 mb heights gem~r-
ally fell along the Pacific coast, displacing the high center into 
western Kansas and enhancing the southwesterly "monsoonal" flow. East 
of the Rockies and in South Park, very hot, dry air remained. The sur-
face pressure pattern showed a broad low pressure center in South Dakota 
with a surface trough extending along the eastern edge of the Rockies 
to southeastern Colorado. 
Within. South Park, deep convection was suppressed throughout the 
-1 
day on July 18 due to lack of boundary layer moisture «5 gm kg ). 
However, thunderstorm activity was detected by satellite and radar in 
a band extending from western Colorado to eastern Wyoming. Around 
1800 MDT, 18 July, moist, northerly and northwesterly flow penetrated 
into the northwest corner of the Park, with a few thunderstorms visible 
over the mountains to the northwest. This pattern of convective act iv-
ity and surface flow was repeated the next day, except that the band of 
strong convective storms shifted farther east to include the South Park 
area. Satellite :i.nfrrtred (rR) pictures show the convective intensity 
decreasing during the night in the northern Colorado mountains. 
The synoptic situation for Colorado on the morning of July 19, 
1977 is shuwn in Figs. 13 through 15. At 500 mb (Fig. 13), the cenU· 
of the sub,-ropic.'1 J h L,I,h had retreated somewhat. into eastern K1nsas 
-7 
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Figure 13. 500 mb analysis for 0600 MDT (1200 GMT), 19 July, 1977. 
Areas with a dew-point depression (T-Td) less than 70 C are marked. 
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Figure 14. Mesoscale surface analysis for 0600 MDT, 19 July, 1977" 
Temperature and dew-point in Deg. C. Note pressure trough in eastern 
Colorado. 
Figure 15. Infrared (IR) Satellite image of western U.S., 0600 
MDT, 19 July, 1977. Dotted lines are state boundaries. Various shades 
represent different IR temperatures according to the succession drawn 
at the top of the figure (temperature decreasing toward the right). 
Thus, large cold cloud tops representing intense convective cells 
appear as black or black-outlined areas within the white mass of 
lower clouds. 
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and Oklahoma. The region of high humidity at 500 mb ('f-T
c
' < 70 C) ex-
tended from northern Arizona northeastward in a band to Wisconsin and 
beyond, with convergent flow seeming to occur in northern Colorado and 
southern Wyoming. This eastward movement of the moist'Jre advection 
pattern served to import substantially more deep Pacific moisture onto 
the eastern slopes of the Colorado Rockies during the day on July 19. 
On the surface (Fig. 14, data from National Weather Service 
stations) the presence of a pronounced trough covering eastern Colorado 
was apparent, an extension of the surface low pressure center which re-
mained in South Dakota. Winds within the trough were light, while 
stronger surface winds prevailed to the south and east. The satellite 
picture from the same time (Fig. 15) shows a band of clouds extending 
from the southwest through western Colorado and northeastward into 
Canada. Bands of cirrus clouds were present in eastern Colorado, in-
cluding the South Park area. 
3.2 19 July 1977 - Mesoscale Sounding Data at 1200 GMT 
The early morning (1200 GMT) sounding on 19 July from South Park 
is shown in Fig. 16. The surface inversion was very shallow (20 mb) 
with high moisture values (7.4 gm kg-I) in the lowest 40 mb of the 
sounding. Raising this moisture to the cloud condensation level (CCL) , 
a potential cloud base of 575 mb was obtained, relatively low for South 
Park, where the nearby mountains extend up to about 600 mb, or over 
4 km MSL. Lifting a saturated parcel from cloud base along a moist 
adiabat, about 20 of convective instability are obtained, also rela-
tively unstable. However, when mixed through a realistiC' mixi.ng depth 
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Figure 16. South Park sounding for 0600 MDT (1200 GMT), plotted 




of 140 mb, this sounding produces a mixed layer q of 6.0 gm kg 
v 
and almost no 500 mb instability. No significant stable layer \iTas ob-
served at the 400-500 mb level. Increased humidity at 350 mb indicates 
the level of the ci.rrus deck observed from the ground and by satellite. 
Light northeasterly downslope surface winds backed smoothly to light 
southerly winds in the upper levels. 
The pa.ttern of moisture advection across the mountains becomes more 
apparent on construction of an east-west cross section using 1200 GMT 
soundings (Fig. 17). The four stations used for this analysis are 
connected tn Fig. 13 with a heavy line. Stable layer boundaries and 
a schematic terrain cross section are drawn as dark solid lines in 
Fig. 17. Lines of constant potential temperature (8) are light solid 
lines, constant mixing ratio (~) lines are dashed, and rawinsonde 
winds are plotted as wind barbs. Analysis is omitted at low levels 
where data are unrepresentative, such as near the Front Range and the 
upper Arkansas valley. 
Fig. 17 shows that, by 1200 GMT on 19 July, the Grand Junction 
sounding was strongly influenced by deep moist convection, with dee.]) 
moisture, veering winds, and only a weak elevated stable layer. Con-
trastingly, the eastern plains exhibited a strongly suppressed pattern. 
Both the Limon and Goodland soundings had a deep neutral layer (to 
590 mb) above the surface inversion, wtih a strong subsidence inversion 
in the layer 500-·590 mb. The neutral layer was warmest over Limon, 
indicating the thermal troughing which appeared on the surface map 
(Fig. 14). The extremely light winds over Limon indicate that it W1'1(" 
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Figure 17. East-west cross-section including soundings from Grand Junction (GJT), South Park (SP), and 
Limon (LI), Colorado and Goodland (GL), Kansas. Solid contours are potential temperature (OK) and dashed 
contours are water vapor mixing ratio (gm kg-I). Terrain elevations and stable layer boundaries are marked 
with bold lines. Valid for 0600 MDT, 19 July 1977. 
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near the trough axis. The dryness of the air in the neutral layer 
(q = 4.5 - 5.5 gm kg-I) would suggest that little or no moist con-
v 
vection would occur in the plains on 19 July. 
The South Park sounding showed characteristics intermediate between 
the dry eastern and moist western soundings. The low-level analysis in 
South Park on Fig. 17 is partially derived from PAM surfac,e data, which 
show surface mixing ratios of 7-8 gm kg-I at the high ridge of -che 
Mosquito Range, driven by westerly winds of 10 ms-l. Both South Park 
and Limon had a northerly component to their low-level winds, a mani-
festation of the eastern Colorado trough. Winds in the moist middle 
troposphere. at Grand Junction were more westerly, insuring that the 
deep Pacific moisture would be advected eastward during the day. As 
will be demonstrated in later sections, strong moisture advection oc-
curred at low levels, where it was influenced by the topography, 
throughout the day. 
3.3 19 July 1977 - Evolution of the Morning Planetary Boundary Layer 
(PBL) 
We have described in section 2.2 the complexities associated with 
even an idealized model of PBL evolution over mountainous terrain. On 
July 19, we had the additional complications arising from the strong 
moisture and pressure gradients which existed in the vicinity of South 
Park. In this section, we will use rawinsonde and surface data to 
document the deepening of the PBL prior to cumulus cloud formation. 
Surfaee data from the PAM network are shown in Fig. 18 for 0600, 
0800, and 1000 MDT. Potential temperatures (OK), mixing ratios 
(gm kg-I), and winds are. plotted at each working station. Many of the 
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Figure 18. PAM surface data taken in South Park. a) at 0600 MDT, 
b) at 0800 MDT and c) at 1000 MDT, 19 July, 1977. Five-minute averaged 
potential temperature (OK), water vapor mixing ratio (gm kg-1) and 
winds ar,:! plotted at each station. DM means data missing for that time. 
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more remote PAM stations were not sending data due to base transmitter 
problems during the morning. At 0600 MDT (Fig. l8a), nighttime 
drainage flow had served to pool the coldest air in the low-lying 
river valleys. Mixing ratios were already unusually high compared to 
other days in South Park, 6-8 gm kg-I. Note that at ridge-top level 
(Sta. 5, Mosquito Pass), very moist air was being advected into South 
Park from farther west, driven by westerly winds. By 0800 MDT (Fig. l8b)" 
temperaturE~s had increased faster in the center of the Park, decreasing 
the gradients across the Park. Mixing ratios had become rrore uniformly 
high at about 8 gm kg-l throughout the Park. Winds were light and 
variable. 
The 1000 MDT rawinsonde (Fig. 19) showed a well mixed PBI. up to 
600 mb. TIlis air mass had 8 of 32loK, mixing ratio of abcut 6.5 gm 
kg-I, and very light winds. Between 600 and 530 mb was a layer which 
was almos t neutral, with a 8 of 324 oK and much less mois tere (3-4 gm 
-1 1 kg ). Winds in this layer were much stronger, about 10 rrs- , from the 
southwest. Thus as the day progressed, we might expect s\;rface winds 
to have picked up from the southwest and surface moisture to decrease, 
as the PBI. entrained this layer. 1000 MDT surface data (Fig. l8c) 
show somewhat decreased surface moisture at most stations, except for 
increased mixing ratios on the northwestern edge of South Park. ThE, 
amount of PBL moisture observed with the 1000 MDT rawinsor:de was mar-
ginal for deep convection. The low-level moisture apparerltly present 
to the north and west of South Park (as deduced from satellite pictures 
and the GJT sounding), however. would indicate a very unstable atmos-
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Fisure 19. South Park sounding of 1000 MDT, 19 July, 1977, 
plotted on skew-T log-P diagram. 
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Most of South Park and the plains to the east remain,!d cloud free 
until after 1200 MDT. Surface potential temperatures wer,! over 325()K 
in most of the Park, with slowly decreasing mixing ratios Radar, 
satellite, and visual observations all reported increasin~ cumulus 
activity in the mountains west and north of the Park. In the plains, 
extreme temperatures were also reached (>35 0 C) with light winds in the 
eastern Colorado surface trough area. 
3.4 19 July 1977 - Early Afternoon Mountain Thunderstorm; 
The first precipitating radar echoes appeared in Sou:h Park around 
1200 MDT, as the atmosphere continued to destabilize unde ~ strong sur-
face heating. In this section, we will show that widespr~ad deep, 
moist convection did not develop in most of South Park un:il after 
1530 MDT, due to lack of PBL moisture. The thunderstorms which did 
develop on the edges of South Park are explained as resul:ing from 
local "hot spots" and moisture advection. 
The rawinsonde launched at 1246 MDT revealed a stronsly heated 
boundary layer up to the 500 mb level (Fig. 20). This layer had e of 
342.50 K and a mixing ratio of only 5.3 gm kg-l Boundary layer winds 
were light, veering from easterly at the surface to 190
0 ~t 500 mb. A 
sharp inversion occurred at 400 mb (7.0 km MSL) probably :aused by a 
locally produced subsidence field near a cumulonimbus cell (see Fig.21), 
A mixing ratio of 7 gm kg- l would be necessary to break through this 
inversion and initiate deep thunderstorm activity. 
Shortly after 1230 MDT, the CP-3 radar began recording data. AI 
about the same time, the PAM network became fully operatj anal, "n"o--
viding surfnce d:Ha from up to 20 different locations at anyone time, 
400 
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ONE WIND BARB/"" •. _ RAINFALL TN LAST I,D MIN _. WHERE: 
5 ms-- l 7.8 
~ 0-1 rnm 
= 1-5 rnm 
'<tv in gm kg-I 
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= 5-10 mm 
, >10 mm 
RADAR REFLECTIV lTV 0'6 
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0, 
'X - - - ~,O dBz 
Figure n. Composite PAM-CP-3 radar plot for 1239 MDT, 19 July 
1977. Surface data as in Fig. 18. Radar contours are 5.5 0 constant 
elevation scans, projected onto a horizontal surface. Solic contours 
are 25 dBz, dashed contours are 40 dBz. Key to other symboJs is given 
above. 
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In Fig. 21 and subsequent figures, PAM surface winds, 6, and ~ are 
superimposed with Plan Position Indicator (PPI) scans from CP-3. The 
radar contours are taken from 5.50 constant elevation scans, projected 
onto a horizontal plane. Solid contours are 25 dBz, inner dashed 
contours 3re ~O dBz. The path of the echo maximum for succeeding times 
is represented by a series of small symbols (square, triangles, etc.). 
Table 1 correlates observed dBz levels with precipitation intensities. 
It ~rill prove especially useful in later sections when data from 
several radars will be used to depict a single storm. On each PAM-radar 
composite, a subjective streamline analysis has been done to represent 
general flow directions. 
TablE: 1. Table relating Limon NWS radar summary contour number 
and storm descriptors (TRW-, etc.) to echo reflectivity (dBz) and 
expected nurface rainfall rate. Rainfall rate is only approximate, and 




































Fig. 21 shows the earliest available PAM-radar overl<LY, for 
1239 MDT. A large area of convective echoes was present on the north 
edge of the Park, with a strong cell just west of CP-3. i.nother ex-' 
tensive echo occurred over PAM station Its about 10 Ian norl:hwest of the 
base site. These two locations were found by Huggins (19"5) to be 
the likeliest places for first echoes to form. Comparing Fig. 21 with 
the 1246 MDT sounding (Fig. 20), we can see that the eastl!rly surfac:e 
wind present on the sounding existed only in a fairly sma:.l area 
(perhaps 10 x 20 Ian) directly east of the Mosquito Range. In this area. 
easterly slope winds produced by a mountain-plains type Llteraction may 
have been able to overcome the moderate ambient winds. The easterly 
wind would create low-level convergence on the eastern sl<)pe of the 
Mosquitoes, producing the "hot spot" thunderstorm present in Fig. 21. 
The easterly wind would also act as a barrier, keeping th? moist 
westerly flow observed at ridge top out of the rest of SOJth Park. 
Hence, mixing ratios through most of South Park continued to decrease 
under strong heating. 
The thunderstorms shown in Fig. 21 moved almost due Horth at 
-1 
about 5 ms ,apparently steered by the southerly winds a:.oft. By 
1333 MDT (Fig. 22), a large group of cells had formed just west of 
the base site, on the eastern slopes of the Mosquitoes. 1~ north-south 
line of much more intense thunderstorms was present just Horth of 
Hoosier Pass in the Blue River valley (located in Fig. 2), At least: 
one of these cells originated in South Park. It was obse'~ved to in-' 
tensify greatly as it approached Hoosier Pass from the SO'lth. Range 
Height Indicator (RHI) radar scans synthesized from PPI s,~ans (Knupp, 
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et a1. 1.97a) show that these cells had echo tops of at le:lst 12.5 1m: 
MSL; the cells within South Park had tops of only 7-8 km. This indi--
-1 cates that the increased boundary layer moisture (~ '" 8 gn kg ) net=ded 
to support very deep thunderstorms, as indicated by rawins:mde data, 
was available in the Blue valley just northwest of the Park. PAM 
data in Fig. 22 indicate that this moisture was being advected across 
the mountains by westerly winds. The remainder of South Park, excludi.ng 
the north and wes t edges, continued in the southwesterly flow, w-ith 
decreasing moisture and extremely high surface temperatures. Limon 
radar for 1330 MDT revealed that the Hoosier Pass storms were part of 
a large mesoscale convective band which extended 150 km to the northeast. 
An air mass boundary and associated line of confluence with dry 
southwesterly winds to the east and moist westerly and northwesterly 
winds to the west is indicated in Fig. 22. By 1452 MDT (Fig. 23), this 
boundary had moved only about 10 km farther east. Numerous small radar 
echoes continued to appear, but penetrating downdrafts were not yet 
detected at: the surface. Notice that one station in the southeast corner 
of the PAM network had shifted to an easterly wind. This flow pattern 
subsequently affected the entire eastern edge of South Park. It was 
probably caused by a large-scale easterly upslope wind rel:ulting from 
the surface thermal low pressure in South Park compared tc the plains 
to the east. Similar easterly winds are often observed irL the afternoon 
in South Park. 
3.5 19 July 1977 - Late Afternoon MpRoscale 'l'hunt1en;torTll Line 
While the onset of very deep convection in South Parl: was i-)f'in~" 
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combining to decrease convective stability in the area. S :rong surface 
heating continued to deepen the PBL, both in the Park andm the plains 
to the east. The eastern Colorado surface low intensified during the 
day, due to the continued strong heating. Winds on the l4~4 MDT Limon 
rawi.nsonde were very light up to 400 mb, indicating the pr,~sence of 
the thermal low. Strong Pacific moisture continued to adve:t across 
the mountains, and large, isolated thunderstorms appeared as far east as 
the Denver area. 
In South Park, extremely vigorous convection began around 1530 IIDT 
in the foothills north of CP-3. Knupp, et al. (1978) observed that 
the strongest convective element~ labeled cell C2, resulte:1 from a 
merger of several smaller convective elements. A hail shaft was vis1.l-
ally observed near this storm at about 1600 MDT, with maximum echo 
reflectivities of at least 58 dBz. Unfortunately, the PAM network was 
completely (Jut of service from 1530 MDT until shortly after 1600 MDT. 
A c.omplex set of circumstances is revealed by Fig. 24, a PAM-radar 
overlay for 1623 MDT. South Park was divided into three distinct 
airflow regions. The north end was covered by cold, wet northerly air, 
apparently originating with downdrafts from intense storms Cl and C2. 
The western part of the Park was in warm, moist westerly winds, with 
uniform wind speeds of 7-10 ms-l At the eastern edge of the Park, 
lighter easterly winds were bringing in somewhat drier air from the 
plains. Where the easterly and westerly flows collided in the center 
of South Park, a line of convective cells was rapidly developing, 
o 
oriented in a direction of about 160 . 
~~O.7 
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Figure 24. Same as Fig. 21, 1623 MDT. Individual convective cells 
are labeled Cl, C2, etc. Averaged speed and direction of the reflectivity 
core of certain selected cells are tabulated in the lower left corner. 
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Cells C3-C6 all had central reflectivities of about 35-40 CiBz, and 
were moving from a direction of 160
0
, along the line of echoes, at 
-1 
speeds of about 5 ms • Cell C2, much bigger and more intense, than t:ne 
others, had been moving from 100-120
0
, or 50-700 to the left of the mea7 
upper winds. 
-1 
C2 was moving at a speed of 10 ms • This cell produced 
at least 20 rom of rain in 15 minutes at PAM station #28 (the 
northernmost) • 
During the next 15 minutes, the northerly meso-cold front moved 
very little. The location of the frontal boundary on all the PAM-radar 
maps was estimated from single-station surface data by determining the 
time of the windshift, accompanied by a rapid temperature drop, and 
advecting the gust front location along with the speed and direction of 
the winds behind the gust front. By 1638 MDT (Fig. 25), cells C3 and 
C4 had grown rapidly in size, and in intensity to over 45 dBz. Surface 
winds under cell c4 and farther south were southerly, as was the direc-
tion of cell motion. Temperatures in this air fell somewhat, indicating 
the possibi.lity that the southerly surface winds were downdrafts trans-
porting the entrained southerly momentum downward from hi.gher up in the 
clouds. Ce.ll C3 was north of the frontal boundary and was moving 20-
300 to the left of the upper winds. East and west from the cell line, 
the convergent flow pattern continued. 
By 1702 MDT (Fig. 26), the meso-cold front had moved about 20 km 
-1 
south on tlle west side of the convergence line, traveling at 8 IDS .. i 'I'~ 
succession, cells CI+. C5, and C6 had intensifjed to over 40 dBz 
ref lectivity as the fr()ntal winds approached, with cells C4 and C:, 




























































Same as Fig. 24. for 1702 ~T. 
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-1 
at a rate of over 100 mm hr was measured near cell C6. Strong new 
cell development continued on the south end of the mesoscale line. A 
new line of intense convection had formed in the Blue River area, out-
side of South Park to the northwest. 
The rapid southward movement of the cold front continued through 
1720 MDT (Fig. 27). Surface air in the northerly wind region was 
much colder and wetter under the mesoscale line of storms than in the 
western part of South Park. Here, the post-frontal air had the same e 
and ~ (~320oK, 9 gm kg-I) as the westerly air which continued to advect 
across the ridge-top stations. In northeastern South Park, winds had 
shifted to strong westerlies in cold downdraft air. As the meso-cold 
front passed over all of the PAM stations at 1742 MDT (Fig. 28), it 
gave the appearance of being radial surface outflow, centered on the 
northern end of the mesoscale line. Once again, the strongest echo 
development had occurred near the frontal location (cell C9). 
The mesoscale convective activity which existed in South Park at 
1742 MDT was organized into a coherent cell line. This line was at 
least 70 km long and 10-15 km wide, consisting of at least five major 
convective elements (cells). The cell line was oriented roughly 
parallel to the upper wind direction. Cells were moving downwind along 
the line at 5-10 ms-l, while new growth was occurring at the southern 
end, tending to maintain a constant position for the line as a whole. 
The location of maximum cell intensity, initially in the north end, had 
shifted to the south end, roughly COinciding with the passage of a 
meso-cold front with northerly winds. 
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Figure 28. Same as Fig. 24, for 1742 MDT. 
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was apparently not a locally generated phenomenon. In the next section, 
an attempt is made to determine the causes of the intrusion, using 
syw)ptic and large-mesoscale data. Then, the South Park scale is re-
sumed and the more complex cell-environment interactions which occurreci 
after l7L2 MDT are documented. 
3.6 19 July 1977 - 1800 MDT Larger-Scale Observations 
The complex pattern of surface flow and convective activity in 
South Park late in the afternoon of July 19 can be better understood 
after looking at the larger scale data from 1800 MDT (0000 GMT, 20 July; 
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Figure 29. Same as Fig. 13, for 1800 MDT, 19 July, 1977 (0000 GEe 
20 July, 1977). 
67 
eastern Kansas, had built westward during the day to cover all of 
Colorado with basically south winds. Winds at Grand Junction, which 
had been 260
0 
in the morning, had shifted back to 190
0
• A weak short-
wave in northern Utah helped increase convergence into the area of 
northern Colorado and southern Wyoming. 500 mb dewpoints were high as 
far east as Limon, as well as in a band extending northeastward into 
Canada. 
The location and extent of the strongest convective activity can 
be seen on a satellite ihfrared (IR) image (Fig. 30) taken at 1800 MDT. 
Very cold cloud areas, associated with deep thunderstorms, formed 
three bands extending roughly north to south. The easternmost band 
extended from South Park to southeastern Wyoming, with the highest 
clouds at the southern end in South Park. The center of this line 
bulged toward the east, well out into the plains, as confirmed by the 
Limon radar summary for 1830 MDT (Fig. 31) (note - these summaries do 
not cover Wyoming or west of the Rockies). Note that, except for a 
few weak echo areas in southern Colorado, convective rainfall was re-
stricted to an area north and west of the solid arc in Fig. 31. This 
is consistent with the IR image in Fig. 30. 
The surface weather map (Fig. 32) for 1800 MDT indicates the pro-
bable extent of the region of northerly flow which intruded into South 
Park starting at 1600 MDT. This region extended from south of the PAM 
network northward into Wyoming. The stations with north winds also 
had overcast skies, falling temperatures, and rapidly rising surface 
pressures. South and east of the line of convective echoes (marked 






Figure 31. Limon radar summary for 1830 MDT, 19 July, 1977. Dark 
contours are radar echoes, with contour levels as in Table 1. Concen-
tric circles are range from Limon in 46 km increments. 
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with a cold front symbol in Fig. 32) pressures continued to fall with 
strong heating under clear to partly cloudy skies. Winds were light 
easterlies and southeasterlies. 
The boundary of convective activity visible on radar and satellite 
images (Figs. 30 and 31) probably marked the easternmost advance of 
moist Pacific air in the planetary boundary layer. Surface data (NWS) 
from 1500-2200 MDT indicate that the first occurrence of strong thunder-
storms east of the Rockies was at Cheyenne, Wyo. (CYS on Fig. 32) at 
about 1500 MDT. At this time, Cheyenne winds shifted to northerly, and 
o the temperature dropped about 10 C. This phenomenon then occurred se-
quentially at each station farther south along the Front Range in the 
manner of a synoptic-scale cold front. By 1800 MDT, the boundary of 
this wind shift had passed south of Denver and South Park, as indicated 
in Fig. 32. The Denver rawinsonde for this time showed a layer of north-
northeasterly winds extending from the surface (840 mb) to above 700 mb, 
or about 1.5-2.0 km above ground level. Wind velocities decreased with 
height, then switched to light southerly winds at the top of this layer. 
This layer had a uniform potential temperature of 32l
o
K, with an average 
-1 mixing ratio of 7.5 gm kg . A simultaneous sounding from Limon (LIC) 
o revealed a very warm (8=324 K), deep (at least 3.5 km) boundary layer, 
with very light winds extending to the 400 mb level. 
Earlier in the day, at 1333 MDT, South Park radar and PAM data 
(Fig. 22) had shown that the mountain barrier extending to about the 
650 mb level (or 3.5 km MSL), northwest of the Park, had been suffi-
cient to block the rapid horizontal advection of very moist Pacific 
air into the Park. This moisture had created deep thunderstorm activity 
72 
just outside South Park, yet the onset of deep storms in South Park was 
delayed for about three more hours. In southern Wyoming, however, a 
gap in the Rocky Mountain barrier ahout 2.5 km above MSL (750 mb) 
allowed low--Ievel moisture advection to proceed more rapidly into the 
Cheyenne area. 
The strong thunderstorm activity observed just north of South Park 
early in the afternoon extended northward along the Front Range into 
Wyoming. Low-level air in these mountains was cooled by a combination 
of thermal advection from the west, thunderstorm downdrafts chilled 
by evaporating precipitation and lack of surface heating due to cloudi-
ness. To the east, extreme surface heating continued:Ln the cloud-free 
plains. This contrast produced a strong east-to-west surface pressure 
gradient which lasted throughout the day. After 1500 HOT, deep thunder-
storm activity invaded the plains, beginning in the Cheyenne area. 
Rapidly rising surface pressure under these storms helped rota.tE~ the 
strong pressure gradient arolmd to a southeast-northwest orient2tion, 
as sho'W"'Il on Fig. 32. The low-level thermal contrast observed between 
the Denver and Limon soundings emphasizes the thermal nature of the 
northerly surface winds. It seems probable that the northerly winds 
were'lble. ta propcgate southward in a manner similar to the "densi.ty 
current" described in secti.on 2.3. Thus, as the cool outflow from a 
number of large cells pushed southward, it created a better environmen!-
for more large cells to form (Le., c.onvergence, increased moisture, 
stronger wind shear), thus creating more cool outflow from the new 
cells. The location of new cell growth at the southern end of the 
thunderstorm line in South Park is consistent with the d.ensity cn:ren '-
eoncept. 
73 
3.7 19 July 1977 - Evening Post-Frontal Thunderstorm Activity 
In the two previous sections, the occurrence of a mesoscale line 
of thunderstorms in South Park on 19 July 1977, and the development of 
a coherent: region of northerly surface flow have been described. Fac-
tors related to the occurrence of this northerly flow which are driven 
by a large-mesoscale mountain-plains contrast were shown. In this 
section, the thunderstorm cell environment which existed in South Park 
late in the afternoon will be described in more detail. Then, the 
interesting variety of cell motions and interactions which occurred in 
this environment will be documented. Included among these are cell 
splitting, simultaneous right-and-left-moving storms, and a quasi-
steady-state supercell. 
The ~;outh Park sounding taken at 1710 MDT on July 19 is plotted in 
Fig. 33. Two major uncertainties exist in the data for this sounding. 
The first problem was the lack of an adequate baseline calibration. 
This may have created an absolute error in all values of both tempera-
ture and humidity. However, the relative features of the temperature 
and humid:~ty plots are physically meaningful, and the estimated base-
line is not grossly in error. The second problem was the lack of 
wind data between the surface and 500 mb. These winds have been esti-
mated frol!l visual observations of the balloon trajectory and corro-
borating data (such as winds from the ridge-top PAM stations). Wind 
data at 500 mb and higher are valid. 
The :;ounding in Fig. 33 reveals a strong subsidence inversion at 
490 mb, p:~obably generated within South Park by storm-scale subsidence. 
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Figure 33. SoutJ, Park soullcl]_TH~ of I7JO t-.fDT, 19 J11y 1977, 
plotted on skew-T log-P din~r~m. Wind~ betw~en the sUlface (720 ~~) 
;: !; '5 GO Tn,1- :11' c; C:" t i,r:;;l,l (? rl • 
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distinct layers. The lowest 300 m of; the atmosphere, up to 690 mb, 
was the layer of strong (10 ms-l ) northerly winds (sounding was launched 
about 25 min. after northerly front passed the base site). This layer 
was cool (e=320oK) and moist (10 gm kg-I). Winds in the next layer 
-1 were known to have a strong westerly component (the 7 ms northwesterly 
winds shown were consistent with ridge-top PAM data) . This layer had a 
o -1 
potential temperature of about 323 K and mixing ratio of 8.5 gm kg , 
quite moist for a deep mixed layer. The "northwesterly" layer extended 
upward to about 600 mb. Above this, still another well-mixed layer had 
winds with an easterly component, veering into the 500 rob wind direction 
of 1700 • -1 This layer was warmer and somewhat drier, with q =7 gm kg 
v 
giving a convective cloud base at about 540 mb, or 5.0 km MSL. These 
three layers may be identified with the three air masses observed on 
PAM-radar plots (Figs. 24 through 27). Based on surface data, one might 
expect the depth of moist westerlies to decrease as one moves eastward 
from the base, finally dis.appearing at the line of convergence. Thus, 
cells which formed above the convergence line had two or three potential 
sources of low-level inflow. 
Above the inversion at 490 rob, the sounding was basically moist 
adiabatic, indicating potential cloud tops of at least 12.0 km. The 
shape of the tropopause would indicate that thunderstorms may have 
already penetrated up to 14 km or higher (confirmed by CP-3 radar). 
o -1 
Upper winds were basically from 170 at 10-15 ms in the cloud layer . 
• \fter 1742 MDT (Fig. 28) the character of the mesoscale thunder-
storm line and its associated surface winds began to change. Wind 
















































17 58 MDT (F: _g. 34) a new cell, called C8il" had spl it off from the nor th-
east side oj cell CB. Knupp, et al. (1978) presented a very detailed 
discussion of the life history of cell CS, as well as C2 and Cll. 
::;ells CSa and C9 were overhung to the east, suggesting continued re-
liance :m easterly inflow winds, while cell C8 became overhung to the 
~orthwest. C8 grew larger, and moved more slowly in a direction to the 
left of the mean upper winds. 
While 'ire have identified two separate inflow directions for 
JPposite sides of the cell line, the mean shear environment near the 
1Xis of the line, where new cells initially formed, must have been close 
to the two-dimensional case (speed shear only) described earlier. A 
nechanism for cell splitting in such an environment has been suggested 
)y Thorpe and Miller (1978). Basically, the precipitating downdraft is 
lot rem,)ved from the area of the inflow because of a lack of direc tional 
;hear. The downdraft then descends into the inflow region, cutting the 
inflow in hellf, and thus creating two cells. In our case study, the 
two cells (CS and CSa) had different shear environments, and hence 
traveled in different directions at different speeds. 
By lS2~ MDT (Fig. 35) the modification of surface winds by 
:!ell outflo'i' had become unmistakable. A "gust front" of downdraft air, 
iccompailied by precipitation, was moving southwestward out of cells 
::;B and::lO. Knupp, et al. (1978) observed the rapid collapse and 
surfacing of an intense echo overhang on the southern edge of cell ClO. 
rwo newly fClrmed cells, Cil and C12, were south of the "gust front". 
:ell CS had been moving slowly in a direction well to the left of the 
~pper winds, wilile CSa had moved almost due north at a much faster rate. 



































Same as F" 19. 24, for 1822 M)T. 
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Cell C8a. which moved to the right of mean winds, consistently 
mc,ved faE.ter than C8 and other left-moving cells. Surface wind data 
ll,dicate a large difference in northerly momentum between the air under 
ar.d east of tle cell line and surface air to the west. Thus, left-
mc,ving CE!lls In the west edge, which presumably get their inflow from 
the northwest, would entrain much more northerly momentum than cells 
OIl the eClsterC'l side, and"Mould move northward more slowly. 
The downiraft gust front observed near cells C8 and ClO at 1822 
MIlT (Fig,. 35) was followed by intense precipitation and further rapid 
temperature de.creases at two PAM stations (It16 and It27). This appeared 
to indicate a general surfacing of downdrafts from several convective 
ct!lls in southern South Park, including C8 and CIO. By 1844 MDT 
(Fig. 36), cell Cll, at the edge of this outflow region, had grown 
rapidly :Lnto the dominant convective storm of the day. Cell C12, 
located east of Cll and hence not gaining a strong northwesterly inflow, 
had rema:Lned less intense and had moved very rapidly toward the north. 
In the same rranner, cells C7a and C8a had moved rapidly toward the 
north, c:ceating a 20 km distance between C8a and C8, which continued 
to move :31owly and somewhat to the left of mean winds. 
Some unique characteristics of cell Cll were apparent by 1844 MDT 
(Jig. 36). lhe cell had begun to coalesce from a cluster of weak 
u~)drafts whic h existed before 1830 MDT into a single intense cell. 
C.)incide::lt with this transformation, the apparent region of inflow 
c'langed from predominantly southerly to northwesterly (Knupp, 1979). 
A hook-shaped appendage had appeared on the southern edge of cell Cll. 
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from thl! central core (Knupp, et al. 1978). Also coincident with the 
J_ntensi::icat ion of Cll, surface northerly winds west of the mesoscale 
o 
Btorm comple{ shifted 30 - 40 to the east, such that the surface 
Btreaml:_nes ,eemed to split and flow around the storm system (Fig. 36). 
By 1856 MDT (Fig. 37), yet another new cell had split off from 
cell C8 and lo.oved northward (cell C8b). All of the smaller cells had 
moved n(lrth~elative to Cll, and were at least 20 km away. Cell Cll 
tad just pas:,ed over a surface station (f/15), bringing substantial 
o rainfall and very cold temperatures (8=311 K) in a strong easterly 
downdraft. ~~e hooked region of Cil appeared to rotate in a cyclonic 
sense, cnd had its own 40 dBz maximum. Easterly winds within and east 
of cell Cil represent substantial modification of the mean flow by 
this storm. 
A chang" in the dynamics of these storm systems occurred at 
about 1908 MIlT. RHI scans indicate that storm inflow to CII from the 
south ceased entirely, while inflow from the northwest continued. As 
tne soutnern overhang collapsed, strong westerly outflow began near the 
IJcation of the hook. Cell Cli began to move more toward the north, at 
150
0
• At the same time, cell C8 stopped moving entirely and began to 
dissipat:, creating substantial surface precipitation. By 1922 MDT 
Uig. 38), surface winds gave the appearance of strong cyclonic rota-
tion abo.lt the cell location, creating a "col point" in the streamline 
rulalysis on the northeast side of the storm, where the prevailing 
northerlies were countered by cyclonic outflow from the storm. 
GenerallY', the strength and coherence of northerly flow had decreased 
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Another dynamic change occurred in cell ell at 1918 MDr~, when it 
developed a secondary reflectivity maximum in the overhangillg north-
western part of the echo. As the trailing echo decreased ill inten:sity) 
the cell then appeared to be moving by a process of discret.! rather than 
continuous propagation. Thus, by 1939 MDT (Fig. 39), c.ell !~ll see1ned 
to have moved at 10 ms -1 toward the northwest. Winds in mo 3t of South 
-1 
Park had become lighter (5 ms or less) and more vari3.ble in very 
cold, moist air. Some moderate convective activity w"as occ.lJ~ring in 
a ring around this pool of cold outflow. 
After 1939 MDT, cell ell moved over the high mountains of the 
Mosquito R..,.nge. Although the CP-3 radar ceased data collection after 
1952 MDT, I'AM data indicate the probabl.e r:ourse. of events. At 2010 MDT, 
a cold gust front passed over stati.ons till (base) and i1B. At 201~' MDT, 
station 116 (Horseshoe Peak) reported intense rainfall for c. short time. 
Since the ·mountain top was within. the cloud, howeveJ~, very little change 
occurred in e or q as the storm went by. The ridge t:ops (ontinU!~d to 
v 
have strong northwesterly winds, while the rest of South Fark had light 
and variable winds after 2100 MDT. 
Total precipitation data for the time period 1600"~240') MDT a t"e 
contoured in Fig. 40. The maximum at the northernmost sta:ion (#28) 
occ.urred shortly after 1600 MDT, and c.ame from cell C2. T1e amount m"~ 
actually have been greater than 21. 0 rum, but the PAM d.ata 3.re missing 
for part of this storm. The high amount at the southernmost statio:l 
(#15) came from ell at about 1856 MDT. Except for these two cases, 
most of the precipitation which fell seemed to be associated wi.th 
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Figure 40. Total rainfall in rom obse.rved at PAM stat i OILS, f (:r the 
time period 1600-2400 MDT, 19 July 1977. Contour in terval 5 mm. 
119 seems to have come from eel1 C6, which was relatively wEak and 
short-lived, but did spawn two cells. 
Radar and satellite data indicate that most of the Frcnt Range 
areas were covered with clouds and light precipitation for much of tlw 
nigh t. From Denver toward the northeast, several larf,e, slov7-mov:i_Di!. 
cells were active until after 0230 MDT, July 20. A f('~,," lmge, i801:':'" 
supercells were present in eastern ~vyoming at this tine. 
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3.8 19 July 1977 - Summary 
July 19, 1977 was the first of a series of days of high precipi-
tation and severe weather in South Park. July 19 was characterized by 
intense, long-·lived convective storms which moved slowly northward 
within South Park. The moisture mecessary to support this convection 
was pr)vided by a synoptic scale upper level southerly flow pattern 
(sometimes called "monsoonal" flow). A complex surface flow pattern 
was ap?arently driven mainly by large-mesoscale terrain-induced pressure 
and temperature gradients, interacting with synoptically driven flow 
from a<~ross the Rocky Mountains. Initial convection and some cell-
envirolunent interactions occurred on smaller scales, created within 
South :?ark. Some of the scales of motion reviewed in chapter 2, such 
as the morning valley wind, were obscured by larger scale forcing. 
A brief time sequence of events, with their probable causes, 
may he:_p clarify the roles which various scales and types of motion 
played on July 19. 
A~i the day began, the subtropical high at 500 mb east of Colorado 
createc. strong subsidence east of the Rockies, while providing the 
southeI'ly wi.nds which imported Pacific moisture in a band extending 
througt. western Colorado into eastern Wyoming. In eastern Colorado, 
a thermal trough resulting from days of intense surface heating without 
moist convective release helped create an east-to-west surface pressure 
gradient which produced a basic northerly wind direction in the Front 
Range area. This gradient acted in a more direct manner throughout 
the day to create low-level westerly and northwesterly forcing of moist 
Pacific air across the mountains and into South Park. 
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After sunrise, strong surface heating in the plains and in South 
Park created a warm, deep dry convective PBL. Early deep mcist con-
vection in the mountains northwest of South Park helped maintain the 
pressure gradient which pushed the moist westerlies into South Park. 
Although initial moist convection in South Park did occur by 1230 HDT 
over certain terrain-favored convective locations ("hot spots"), most 
of South Park remained cloud free until about 1530 MDT. By this time, 
easterly slope winds from the plains had entered South Park 1 thus in-
dicating that the elevated, strongly heated park had cl:eatecl a meso-
thermal low pressure center. South Park was thus a maximum area of 
low-level convergence and convective instability (as substantial 
Pacific moisture advected from the west). 
Around 1530 MDT, a line of convective cells began to ol:gani,ze over 
a north-south line, of low-level convergence in the center 0: South Park. 
At about the same time, strong, cool northerly winds invaded the Park 
from the north. This flow was apparently driven by an incr'~asing con-
trast between the clouded, rainy mountains and the dry, hea:ed plains, 
combined with a direct south-to-north pressure gradient ere Olted by 
outflow from some large convective cells which formEd on th::- plains 
east of the Front Range. The passage of this northerly froat through 
South Park enhanced the intensity of convection by creating low-level 
convergence, added moisture, and increased wind shear in the storn: 
environment. 
After the passage of the northerly cold front, the convective 
cells in the quasi-stationary mesoscale convective line began to E,xh5_': 
more individualized interactions with their environment. Cells moved 
89 
both lHft and right of the mean wind, apparently deriving their inflow 
from d:~fferent sources. Cases of storm merger and splitting were ob-
served. After 1830 MDT, one large cell at the southern end of the line 
began to dominate, moving up to 60 0 left of the mean wind. At this 
time, nost of the other cells in the mesoscale complex dissipated. The 
large cell exhibited supercell characteristics and substantial modifi-
cation of the environmental flow. After 2000 MDT, this cell moved 
northwestward out of South Park, while cold outflow air covered most 
of the Park. 
This concludes the case study of July 19, 1977. This case is 
useful because it provides a detailed look at mesoscale convection 
within the surface and Doppler radar data networks, and because it 
provides an example of strong mesoscale forcing by the mountain-plains 
contrast. However, this case study is not pertinent to the general 
problems of west-to-east propagation and high plains mesoscale pre-
cipitation. In the next chapter, we will study August 4, 1977, the 
most ideal day in the SPACE 1977 data set for studying these processes. 
4.0 !f AUG 1977 CASE STUDY - AN EASTWARD PROPAGATING MESOSCALE 
CONVECTIVE SYSTEM 
The pattern of convective activity on August 4, 1977 contrasted 
sharply with that on July 19. On August 4. mountain thunderstorms 
which formed at about 1300 MDT propagated rapidly toward the ea.st. A 
mesoscale squall line formed at the eastern edge of the mountains at 
about 1400 MDT. This tornado-producing storm then propagated south-
eastward through the Palmer Lake Divide area, becoming progressively 
more intense as it gained access to larger amounts of low-level moisture. 
As the storm moved into western Kansas at about 2100 MDT, the area of 
intense convection and precipitation shifted northward into north-
western Kansas, where about 50 nun of rain ('\,15% of their mean for the 
entire sununer) fell over an extensive area. The precipitation from 
this storm system fell on a time schedule roughly corresponding to the 
diurnal maximum of heavy precipitation presented in chapter 2 (Crow, 
1969; Wallace, 1975). 
August 4 was chosen as one of the "rapid scan" satellite days. 
High resolution satellite photos of the SPACE/HIPLEX study area were 
taken at intervals of either 3 minutes or 9 minutes during the period 
1100 MDT - 1900 MDT. In addition to a complete set of SPACE/HIPLEX 
rawinsonde flights, supplementary 1200 MDT rawinsondes were taken at 
five NWS upper air stations (DEN, GJT, DDC, AMA, LBF). Two Bureau of 
Reclamation sponsored cloud physics aircraft (lMR and 10UW) made cross-" 
sectional flights from South Park to Goodland, Kansas and back during 
the time period 1310 - 1845 MDT (Danielson and Cotton, eds., 1977). 
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August 4 was also the first day on which substantial data are available 
from the CSU FPS-18 radar (CBS-4). CSU boundary layer prof Her (BLP) 
data w,ere taken starting at sunrise from two different locations - the 
base and a location 2.4 km west of the base, near the edge of the foot-
hills of the Mosquito Range. 
This day was chosen for intensive analysis because it provides 
a well·-documented example of a significant mesoscale convective storm 
which .appears to have had its origins in diurnal, terrain-induced 
dynamies and thermodynamics. The sequence of events from sunrise 
through to the next morning exhibits many of the diurnal characteristics 
reviewed in chapter 2. 
4.1 4 Augudt 1977 - Synoptic Situation 
At 0600 MDT (1200 GMT) on August 4, winds at the 500 mb level were 
essentially zonal over most of the western u.S. (Fig. 4la). The band 
of stronger westerlies had receded northward, allowing light south-
westerly winds, rotating around a weak subtropical high in New Mexico, 
to import moist Pacific air into the Rocky Mountain region. High dew 
points prevailed at 500 mb in Colorado as well as to the east and west. 
W· d d 1 d 12-15 m s-l ln spee s over Co ora 0 were At 700 mb (Fig. 4lb), 
a mesoscale trough was present in western Kansas. Winds at Goodland, 
near the trough axis, were northerly, advecting cooler air from the 
northeast southward. 
At the surface (Fig. 42), the 700 mb trough was reflected in an 
elongated low pressure center. At 850 mb, or about 500 m above ground 
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-1 this low pressure center, with 850 mb winds of 21 m s at Amarillo, 
-1 
TX (AMA) and 18 m s at Dodge City, KS (DDC) , both wind directions 
being about 2100 • Surface winds within and east of tlis low were 
5-10 m s-l from the south or southeast, with high dew points (up to 
23
0
C), overcast skies and precipitation. This precipitation was part 
of a large area of nocturnal precipitation visible on satellite IR 
images (Fig. 43). Strikingly, this thunderstorm regim was centered 
on the area which has a climatological nocturnal precipitation maximum, 
while the low-level jet appears also in its climatolo~ically most 
favored location (Bonner, 1968). The relative orientition of the 
jet to the region of convective storms seems compatib le with the -concept 
of low-level convergence ahead of the jet presented br Pitchford and 
London (1962). Northwest of the low pressure area, eistern Colorado 
was covered by somewhat cooler, drier air, with light north to west 
winds and clear skies. 
The large nocturnal mesoscale system shown in Fi~. 43 had developed 
from a line of cells which had formed over eastern Colorado and Wyoming 
the previous afternoon (3 Aug). In South Park, howev~r, August 3 was a 
day of very little convective activity because of the lack of boundary 
layer moisture. 
An east-west cross section of soundings taken at 1200 GMT (0600 
MDT) on August 4 is shown in Figure 44. The potential temperature 
structure was fairly flat with the Limon sounding sli~htly warmer in 
the lowest layer, similar to the thermal pattern on Jlly 19, but less 
pronounced. Low-level moisture had a strong east-west gradient, 'with 
-1 Goodland having about 8.8 gm kg average in the lowest 100 mb (about 
F:lgure 43. Satellite infrared (IR) image of western U. S., similar 
to Fig. 15, for 0400 MDT, 04 August 1977. The huge mesoscale convective 
storm :In the central plains is descended from storm systems which 


















lli- -,- -- - -.- ~ --...... LiJJ..:::::. 3320-----
...... ------ 3280 UlL-2-_ -- --
________ =",;-;;=:>~= =lJJ.:::- 326
0
-----== ur::::;;= __ ~3240 
\\\ -_ -3 \ll.- ~YJ.::..- -- =-= - - -lLf[ 
~ __ -4-- LL- --:,) 3220~ -~ 
<. _ C ~ /, ----' til " ..-:: -" -" ~,/ ( _______ /Jc"..- 320" '- -- 4 - - "'" 
~---S----~ '- ~ _A- ~ 
t_3I •• ~ Sfa'e '_ -~-~ • .:.~/ < __ s--'S.f" 
~ --_ !f:'-=}!"-- - 6---1), 
x: ~ WIND ( E: -:::: = -=- - - f I 4. f I r-,....¥-- -- 7 / r-
GJT 1 BARB = 5 ms-I I U ; I j-
1/2 BARB = 2.5 ms-I I I I / / ; / I ;'&1 . ; GL 
--- (Jy (;m !c;-I} 
--- e \OK\ 





1.2 km), Limon with 6.8 gm kg and South Park with 4.8 gm kg-. All 
stations had about 3 gm kg -1 at 500 mb, indicating that little 1arge-
scale subsidence was present. A stable region at about 500 mb seemed 
to be strongest over South Park, perhaps indicating mesoscale subsidence 
due to nocturnal drainage winds from the mountains. Thus, the bold 
lines representing the boundaries of this elevated stable layer in Fig. 
44 extend roughly over the region of high terrain in central Colorado. 
W· d 11 1 aloft, 12-25 m s-l 1n s were genera y wester y Winds below 
660 mb were northerly at Limon and Goodland, indicating cool advection 
which would tend to increase thermal stability of the atmosphere. How-
ev'er, this cool northerly air was not significantly drier than the 
air it replaced, since the Great Plains were covered with subtropical 
moisture all the way into Canada at this time of year. The winds at 
South Park had almost no directional shear, indicating little or no 
thermal .advection at any level. 
4.2 4 August 1977 - Evolution of the Planetary Boundary Layer 
In 'I:he previous section, the initial vertical and horizontal 
structure of the atmosphere on a scale larger than South Park just 
bE~fore sunrisl~ (0600 MDT) on August 4 was depicted. In this section, 
surface data (PAM), rawinsondes, and tether balloons are used to 
dE~scribe the finer scale structure of the atmosphere over South Park 
and the Iuodifications to this structure which resulted from solar 
h(~ating of the surface. The progressive deepening of the boundary layer 
which, along with various terrain effects, induced the first cumulus 
clouds to form at approximately 1000 MDT over the Mosquito Range, and 
98 
whieh 8L50 produ(:ed an environment favorahle for deep'r pn'~c ipita ting 
cumulus convection at about 1200 MDT is shown. 
At 0600 MDT, the South Park sounding (Fig. 45) had a very thin, 
sharp surface radiation inversion. Above the inversion, an essentially 
neutral layer ext.ended to 630 mb, or about 2.3 km abo""Te the surfa(:e. 
Westerly winds increased by 7-10 m s -1 within this layer, w'ith very 
little directional shear. Above 630 mb, the middle t ropos'phere was 
stratified into several thin mixed layers, separated by stable 1ay'ers. 
The strongest stable layer was at about 480 mb, near the average ;lpper 
inversion level observed by Huggins (1974). This stable layer was 
postulated to be a consequence of general subsidence over the mountains 
due to downslope winds, as described in the previous sec tion. Th,;! 
-1 
average mixing ratio in the lowest 100 mb was 4.8 gm kg . The l,;!vel 
on this sounding at which this amount of moisture wouLd reach saturation 
is the mixl;!d condensation level, or MCL, which is a.n I~stimat:e of the 
subsequent convective cloud base. A cloud with its base at the 1'1CL 
of 520 mb would be capped by the inversion at 480 mb. If this inversion 
were eliminated, the cloud parcel could then rise tOlt least 310 mb 
(9 km MSL) before losing buoyancy. Above this level, a strongly :3table 
lapse rate was present up to the tropopause. 
Surface winds, e, and q for this time (Fig. 46a) shmv that very 
v 
light winds were prevalent within the Park, basically flowing downhill 
below the nocturnal inversion. Most wind directions '.;rere toward the 
regions of lower potential temperature in low-lying valleys in thl~ 
center of South Park. Water vapor mixing ratios were almost uniform 
-1 
throughout South Park, averaging about 5.5 gm kg . After sunrisl:, at-
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Figure 46. PAM surface data from South Park, as in Fig. 18, for 
a) 0600 MDT and b) 0700 MDT, 04 August 1977. 
directions still basically downslope. Mixi.ng ratios tad begun to 
increase at a majority of the stations. 
Soundings from a Bounda.ry Layer Profiler (BLP) tEthexed balloon 
system were taken during the early morning at. a sit.e 2.4 krr west of 
the CSU base over a flat pasture ("Site Numher 2"). P. similar system 
set up at the base itself failed to operate on August 4. The working 
BLP was transferred from the remote s:i te to the CSU be se at about 0800 
MDT. Case studies of boundary layer evolution using ELP soundings 
taken at the CSU base have a.lready been published (Barta and Cotton, 
1979). These indicate that the morning downslope winds below the 
_radiati.on inversion switched to upslope 1-2 hours aftEr sunrise. Up-
slope winds formed in a thin convective boundary layeI which was 
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Figure 4". Boundary Layer Prof Her (BLP) tethered balloon soundings. 
Potential temperature, water vapor mixing ratio, and winds plotted 
against heigh1: in meters AGL. Soundings begun at a) 0619 MDT, and 
b~ 0649 l1DT, 04 August 1977, both at Site 112. 
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potentially cooler than the neutral layer above. Vertical mixing 
between the convective boundary layer and the deeper neutral layer 
aloft did not occur until the potential temperature oj the boundary 
layer had increased by diabatic heating to match the I'otential tempera-
ture of the neutral layer. On the dry suppressed com-ective cloud days 
studied by Banta and Cotton, rapid turbulent mixing O( curre~d as the 
convective boundary layer grew into the ne.utral layer, due in part to 
the strong westerly winds which prevailed in the neutlal layer. These 
dry westerlies were then entrained to the surface, creating a sudden 
surface wind shift accompanied by a rapid decrease in surface moisture. 
On August 4, however, a somewhat different sequerce of events 
occurred. The soundings from Site lIZ (Fig. 47) show the e\'olution of 
the boundary layer just after sunrise. A neutral mixEd layer 40 m deep 
had formed within the nocturnal inversion by about 07(10 MDT (Fig. 47b). 
Notice that. the potential temperature at about 50 m, ~ ust c.bove the 
top of this layer, decreased by several degrees betweE n Fi~;s. 47a and 
47b after sunrise. This was due to entrainment of thE potentially--
warmer air at this level downward into the cooler miXEd layer. Winds 
on both of these soundings were basically downslope w(sterlies up to 
over 200 m, the maximum sounding altitude. By about ('730 HDT (Fig. 48a), 
the mixed layer was about 100 m deep at Site 112, with very light ~rinds 
compared to the continued strong westerlies above 100 m. Hinds at the 
surface had swung around almost to an easterly upslopE~ dire~ction. The 
6 lapse rate was somewhat stable near the surface, incicating the pos-
sibility of cool advection by the upslope winds neare1:t to the surface. 
:J 
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By 0800 MDT (Fig. 49a), winds at several PAM stations had begun 
to shift toward an upslope direction, which is roughly 1500 for the CSU 
base and the valley locations to the southeast. BLP f tights at the 
CSU base location show very light winds with a northerly drift through-
out the lowest 300 m of the atmosphere. The CSU base ';vas still up to 
6
0
K warmer ine than the low-lying valleys. Mixing ratios had increased 
-1 
to over 6.5 gm kg at some valley PAM stations (encireled by a dashed 
line on PAM. maps, Figs. 49 and 51). Thus, the onset of upslope winds 
at the base should have resulted in low-level advection of cool, 
moist air. A BLP flight begun at 0836 MDT (Fig. 48b)::onfirmed this 
hypothesis. Winds with a stronger upslope component i:J. th: low·est5:0 III 
. -1 of the sounding brought increased moisture (to 6.5 gm :<g ) and somewhat 
cooler air over the CSU base. By 0900 MDT (Fig. 49b), winis at the 
-1 CSU base had shifted to the upslope direction with speeds Jf 5 III s • 
The base was still up to 40 K warmer in e than the downvall:y locations. 
The pattern of boundary layer evolution at the CSU base can be 
better unde.rstood by examining a plot of surface e and dew point vs. 
time (Fig. 50). After sunrise, e rose rapidly until about 0820 MDT, 
when it leveled off at about e = 3l7.SoK. At this time, CJol advection 
began, along with very rapid fluctuations in surface moisture. The 
sharp rises in dew point seem to correlate with small drops in 8, 
signaling the arrival of a parcel of cool, moist river bottom air. 
After 0900 MDT, e began to increase again, but it did Qot reach 321 OK., 
the potential temperature of the elevated neutral layer over South 
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Figure 49. Same as Fig. 46, for a) 0800 MDT, and b) 0900 MDT, 
04 August 1977 (water vapor mixing ratio data missing for 0900 MDT). 
Dashed line encloses region with mixing ratio :>6.5 gm kg-I. 
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Figure 50. Plot of potential temperature and dew-point vs. time, 
at the CSU base, 0600-1300 MDT, 04 August 1977. 
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Figure 51. Same as Fig. 46, for a) 1000 MDT, and b) :~:100 MDT, 
04 August 1977. 
Thus, growth of a deep, well-mixed PBL, in which surface parcels 
could rise to saturation by buoyant forces, did not occur over the 
base and lower-lying areas until after 1100 MDT. 
A pattern of light but coherent valley winds prevailed in cen':ral 
South Park at 1000 MDT (Fig. 5la). The gradient of e between the CSU 
base and the coldest valley location had been reduced to 2.5 0 K. A 
-1 large. number of stations had mixing ratios of over 6.5 gm kg The 
location of these stations coincided well with the valley of the South 
Platte River. The higher western stations had potential tf~'mperatures 
of up to 321.6oK, indicating that convection through a deeJ boundary 
layer was possible. at those locations. In fact, the first small 
cumulus clouds were observed over the Mosquito Range at about 1000 MDT. 
Data suggesting the origin of these cumulus clouds will be examined :Lr 
a subsequent paragraph. 
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The effect of cool upslope advection on the South Park environment, 
as well as possible effects of early cumulus convection, are revealed 
in the 1030 MDT rawinsonde (Fig. 52). A nearly-neutral layer extended 
up to 580 mb, or 1. 6 kIn AGL. Winds in this layer were very light, 
switching from easterly at the surface to westerly at 580 mh. Potential 
temperature increased from 3200 K near the surface, to 3210 K at 580 mb, 
-,;.rhile th.: moisture mixing ratio decreased from 6.3 gm kg -1 to 5.2 gm kg-I. 
These vHrtical gradients in momentum, moisture and potential temperature 
(~an be partially attributed to low-level upslope winds. 
AbCJ'iTe 580 mb, the 1030 MDT rawinsonde has a layer of relatively 
IIloist, eonditionally unstable air extending up to 430 mb. This is the 
JLayer in which the first cumulus clouds formed. Westerly winds in-
c:reased by about 10 m s-l within this layer. The potential temperature 
inversion at 480 mh which had been present at 0600 MDT (Fig. 45) was 
almost entirely eliminated. A low-level parcel with a mixing ratio of 
6 gm kg --1, if lifted on this sounding, would reach saturation at about 
540 mb, and could then rise to a potential cloud top of 270 mb (10 km AGL) 
before losing buoyancy. 
The onset of rapid PEL growth as indicated by surface potential 
temperature, had occurred or was imminent over most of South Park by 
1100 MDT (Fig. 5lb). Less than 10 K e difference remained between the 
CSU base and the valley stations. Thus, with a smaller e gradient, the 
cool advection due to upslope winds should have decreased, allowing 
growth of a deeper neutral PEL. A ELP sounding taken at this time 
(Fig. 53) shows a well-mixed PEL to at least 350 m, with e ~ 320 0 K A.nd 
q > 6 gm 
-1 
in upslope winds. A thin (20m) superadiabatic surface kg 
v 
layer can also be seen. 
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Figure 52. South Park sounding of 1030 MDT, 04 August 1977, 
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Figure 53. Same as Fig. 47, for a) 1054 MDT, and b) 1218 MDT, 
taken at Site #1 (CSU base). 
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The initial stability and valley ~dnd effects which pTevailed over 
lower areas of South Park in the morning served to suppress deep PBL 
growth and to inhibit cumulus cloud formation. However, surface 
potential temperatures of up to 324 oK were observed over tIle high 
ridges of the Mosquito Range (at 1100 MDT, Fig. SIb) during the sa.me 
time period., indicating that deeper PBL growth had already occurred. 
The time evolution of the convection in this deeper PBL is reveale.d in 
Fig. 54, a time plot of e, dew point, and wind velocity at station 6, 
which was located on Horseshoe Peak at an elevation of over 4.2 krn MSL 
(615 mb). Shortly after 0900 MDT, e trended sharply upward, while the 
wind speed fell off sharply. Just before 1000 MDT, another sharp rise 
to e = 3230 K was a.ccompanied by a drop in wind. speed. Moisture remained 
-1 
relatively constant at 5.5 gm kg . The 1030 MDT South Park rawinsonde 
12 
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Figure 54. Temperature, dew-point, and wind spee.d plotted vs. time 
at Plu'1 station If 6 (Horseshoe Peak), for 0600-1300 MDT, 04 August 1977. 
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o -1 
(Fig. 5:2) shows that a parcel with e = 323 K, 'Iv = 5.5 gm kg might 
barely :r·:!.ach saturation and form a cloud with its base at 530 mb. It 
is hypo;t:1esized that the excursion in surface e to 3Z30 K at Horseshoe 
Peak, with a corresponding marked decrease in wind speed, represents 
the formation of a large bubble of air which was heated to zOe tempera-
ture exe.~ss by insolation on the mountain peaks and slopes. The sudden 
decreasE~ in e at 1000 MDT, with a sudden rise in wind speed, may re-
present l:he entrainment of cooler free-environmental air (at e = 
321
o
K) moving in from the west in the wake of the rising bubble. After 
1000 MDT ,. Horseshoe Mountain became an almost continuous source of 
,:loud bubbles. 
Favorable conditions for cumulus cloud formation over the Park did 
not occur until after 1200 MDT, when a potential temperature of 32loK 
'l1as prese:nt at most of the surface stations in South Park. A BLP 
sounding taken from the esu base at about 1220 MDT, the time of the 
first rac.ar echoes in South Park, is shown in Fig. 53b. A potential 
temperatlre of at least 320.5
0
K with almost no vertical lapse is indi-
-1 
eated, ltllth mixing ratios of over 6 gm kg in southeasterly upslope winds. 
To summarize the boundary layer evolution leading up to deep 
eumulus convection, nocturnal drainage winds served to move cool, 
stable air to the low, flat areas of the Park, while inhibiting the 
growth of a deep surface radiation inversion on the steeper mountain 
slopes. After sunrise, light slope winds within the growing boundary 
layer tended to redistribute static stability more uniformly over the 
relatively flat Park, while local surface heating rapidly created a 
"rell-mixed, unstable boundary layer over the higher mountains. Thus, 
112 
cumulus grm-lth was enhance.d over the mountains and suppreE:sed over South 
Park. Cumulus clouds formed over Horseshoe Peak by 1000 ~IDT, while 
clouds were inhibited over the Park until a deep unstable boundary layer 
was achieved over the entire Park after 1200 MDT. 
-1 
Observed slope wind speeds were usually 3 m s or less; these 
winds were established by about 0800 MDT. Thus, the trajectory of a 
typical upslope parcel from sunrise until 1200 MDT would he less than 
50 km long, insufficient to advect moisture from outside of South 
Park to the area of cloud genesis west of the CSU base. ~11e observed 
increases in surface moisture at many surface stations were thus due to 
low-level and surface moisture initially within South Park. After 
sunrise, evaporation and transpiration may have increased, especially 
in moist, low-lying river bottoms. Since surface meteoro.~.ogical sta-
tions are usually located on local hilltops, advection of low-level 
moisture over very short distances could also have contributed to 
enhanced mixing ratios. 
The case of July 19 and several other cases (some reported in 
Danielson and Cotton, ed., 1977) indicate that larger scali? advection 
from the Plains eastward into South Park due to slope win<ls is mOEt 
likely to occur in the late afternoon, in response to the generation 
of a Rocky Mountain thermal low pressure center by high-11~ve1 topo-
graphic heating. Thus, advection of strong Gulf moisture into South 
Park is more likely to occur on the day before the thunde:.storms ~rhich 
feed off this moisture occur. In the Front Range "hot SP)ts", hovever, 
the advection of Plains moisture can occur on the same morning it is 
used. 
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4.3 4 August 1977 - Large-Mesoscale Cloud Environment 
In the previous section, it was shown how the evolution of the 
planetary boundary layer over South Park on August 4 was influenced 
by light slope winds caused by surface thermal effects on mountain 
slopes. These effects resulted in the formation of the first cumulus 
clouds of the day over the high mountain peaks and ridges, while cloud 
formatioCl over the lower areas of South Park was inhibited for about 
two hours. In this section, a similar phenomenon which occurred over 
a much larger area on a time scale of 6-12 hours is examined. Deep 
thunderstorms occurred over the moutainous areas of Colorado before 
1300 MDT, while all cumulus convection was inhibited in the plains of 
eastern Colorado for several more hours. 
In 3igs. 55 through 57, rawinsondes, radars, surface weather 
stations and instrumented aircraft are used to depict the atmosphere 
over the region from the central Rockies east to Goodland, Kansas at 
1200 - 1300 MDT, just as deep cumulonimbus convection was first forming 
over the mountains. The 1301 MDT South Park sounding (Fig. 55) shows 
the influence of this deep thunderstorm activity on the South Park 
I~nvironment. Downdrafts from the first precipitating cumulus clouds 
which pa.ssed near the CSU base served to stabilize the lowest 50 mb 
(0.6 km 1.GL) • Above this, the well-mixed neutral layer extended to 
580 mb L. 7 km AGL), with light winds veering from 1700 to 2600 • The 
layer extending from 580 mb to 511 mb can be characterized as a layer 
of penetrative convection, which entrained mid-tropospheric air into 
t:he planE:tary boundary layer. This layer exhibited a very slight lapse 
-1 
.~ate of F, decreasing moisture, and a 5 m s increase in westerly 
114 
-~0"77--·----v,-0"""'; -------~O-';,.--- -----;;...'v 




.200 , . \.. ~ 
· · · . . 
~ DEW I !\IT 
~ 20~22 
~TEMPE TURE 
". ' . .. '. '. 
3QO 
0 • . 
". 
" . . . 
". . . '. \ . . . , . 
'\.. .. 
400 
500 SOUTH PARK 









I < I 














/ / / 
/ / / ( 
/ / /~ 
/ / / / I 





/~ / / / 




. . . ". 
/ ':0/ 
/ 0° 

















Figure 55. South Park sour,ding of l301 MDT, 04 Augu!':t: 1977, 
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Figure 56. East-west cross-section, as in Fig. 17, for 1200-1300 MDT, 04 August 1977. Average winds 
in the PBL, along with PBL depth, are plotted for 4 stations (SP, LI, GL, and Denver) in the lower margin. 
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Figure 57. Surface map using SPACE!HIPLEX mesonet data on the 
Higb Plains. Surface pressure and surface water vapor mb::Lng ratio i.E"e 
contoured. Limon radar outline and station key are proviced. 
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wind speed with very little directional shear. A dry stable layer to 
470 rob lay below a deep moist layer up to 240 mb. This layer showed the 
influence of deep cumulus convection~ which had cooled the area near 
o 
probable ,;:.loud top (at 240 mb) by about 2 C since the 1030 MDT sounding 
(Fig. 52). Strong stability above 240 mb would indicate that convective 
clouds prl)bably would not grow much higher than 11 or 12 km over South 
Park during the afternoon. 
Rawi:J.sonde and aircraft data are combined on an east-west cross 
section jJl Fig. 56. Soundings from Denver and other NWS rawinsonde 
stations .:ire also available for this time. On the lower margin of 
Fig. 56,t:he average wind speed and direction through the depth of the 
planetary boundary layer (PBL) is plotted for four rawinsonde stations 
(SP, DEN, L1, and GL). The PBL depth is here defined as the probable 
depth to 1vhich surface-based thermals could rise, based on an inspection 
of the pl.)tted soundings. 
The average PBL wind plot reveals a substantial amount of divergence 
being generated at low levels at all stations east of the mountains. 
This is consistent with the diurnal pattern of divergence observed by 
Bleeker a.nd Andre (1951). A region of low-level convergence is seen to 
have exis:ed over the Front Range area at this time. This results from 
the entraLnment of upper level westerly momentum into the deep PBL over 
the mountains, while the much shallower boundary layer over the plains 
contained! more easterly winds, driven by slope effects and a north-south 
surface p:ressure gradient. The region where the two forces converged 
coincided with the area of initial deep thunderstorm formation. 
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The pattern of vertical PBL development also revealsnarked dif-
ferences among the sounding locations. Both Denver and GClodland had 
thin boundary layers (0.8 km), while the Limon PBL was much WA.rmer and 
deeper (1.. 6 km). This difference may be due to the locat:i.on of Limon 
on the Palmer Lake Divide, while Denver and Goodland are in low-lying 
areas where deeper stable layers had built up overnight. Convergence 
of slope 'winds over the Palmer Lake Divide may have creatE:d enough up-
ward vertical motion to counteract the general subsidence field over 
the plains postulated by Dirks (1969). Cold advection by northerly 
winds was a probable factor inhibiting PBL growth at Goodland, where 
the PBL was capped by a sharp 3
0
K inversion. This stable layer was 
analyzed in the cross section (Fig. 56) to intersect the ~llrface between 
LilIlon and Goodland in the same fashion as a cold front, a~.d in agreement 
with surface temperatures (see Fig. 57). The PBL extended to 2.8 km AGL 
or higher over the Front Range and the Mosquito Range, with the South 
Park PBL being some"rhat cooler and lIlore stable. 
The crass-section of water vapor mixing ratio in Fig. S6 shows 
the effects of mesoscale vertical motion and deep cumulus convecticm. 
At upper le,rels, thunderstorms increased the moisture over South Puk, 
while subsidence greatly decreased the moisture over Goodland. At low 
-1 
levels, however, the highest mixing ratio was at Goodland (15 gm kg ) 
-1 
with more modest values of 8 gm kg at Limon, and still less farther 
west. At Grand Junction, high humidity in light south'Nestec:ly winds 
continued tu supply Pacific moisture into Colorado at 500 nb. 
A meso:;cale surface map covering the area from South Park to Good--
land at 1200 MDT is shown in Fig. 57. Included on this map are data 
ITom 8 NWS surface reporting stations, 17 special SPACE/HIPl,EX recording 
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surface 13tations, and the PAM base station in South Park. Raw pressure 
data from the SPACE/HIPLEX stations were normalized with NWS pressure 
data in ·:he manner described by Fujita, et aL, (1956). Pressure devia-
tions from the mean for this day were computed using the reported alti-
meter S€l:ting at the NWS stations in order to minimize the effects of 
the rapid temperature changes observed on convective rainfall days. The 
change ill pressure from the previous hour is plotted for each station. 
Potential temperature, water vapor mixing ratio, and winds are also 
plotted at each station. Contours of pressure and mixing ratio are 
drawn. Outlines of the minimum radar echo observed at Limon are drawn 
1;vith a dark line, taken from the radar summaries which are produced on 
the half hour (see Danielson and Cotton, eds., 1977); thus, the radar 
data are valid from 5-30 minutes after the surface data. Comparisons 
of Limon radar intensities with other radars can be made using Table 1. 
The surface data show a coherent east-west moisture gradient ex-
1:ending from Goodland west to the mountains. South of the Palmer Lake 
Divide, :r.owever, a moist tongue extended up the Arkansas valley to the 
edge of the mountains. The Palmer Lake Divide stood out as an area 
of higher e (an elevated heat source) and lower mixing ratio. Radar 
echoes 0': curred only over mountainous areas; satellite photos confirm 
that cum;~.lus convection was still being totally suppressed over the 
plains. 
~ .. 4 4 August 1977 - Formation arid Propagation of Early 
Mountain Thunderstorms 
By 1230 MDT, a deep boundary layer existed over South Park, the 
Front Range, and along the Palmer Lake Divide, with a pattern of low-
level convergence and sufficient moisture to sustain deep convection. 
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In this section, the occurrence of this deep convection during the 
period of its transition from a group of mountain thunderBhowers to a 
large High Plains mesoscale convective system is documented, using 
radar, rapid-scan satellite, and PAM surface data. 
High resolution close-up satellite pictures of the SPACE/HIPI,EX 
area are shown in Fig. 58. These images were created using video 
imaging of digital brightness data (Phillip, 1979). At 1200 MDT (Fig. 
58a), cumulus clouds were forming throughout the foothills and South 
Park area. The small cells shown in Fig. 57 had just begun to appear 
on radar. 
The 1245 MDT satellite image (Fig. 58b) shows a rapid increase in 
cloud brightness in an east-west streak passing across tbe north end 
of South Park, and a group of bright clouds appearing in the Colorado 
Springs area. These bright areas correlate well with the locations of 
growing precipitation echoes in Fig. 59a. The sequence (IE radar sum-
maries in Fig. 59 was created using the lowest detectable, signal at 
Limon (TRW-) to outline all precipitation regions, and tb::n adding re-
flectivities, updraft outlines, and echo tops using data from the Limon 
hourly summaries, NCAR/CP-3 radar, and the first usable data from the 
CSU 10-cm radar (CBS-4). 
Focusing in more closely on South Park, a PAM-CP-3 d/~piction 
(Fig. 60) for 1254 MDT shows one member of the east-west line of I::ells, 
here designated Cln, at the north end of the Park. This eell had 
a reflectivity of over 40 dBz, while another cell in the l1osquito Range, 
southwest of the base (CIs) was just starting to intensify. Downdraft 
gust fronts from both of these cells appear in the surface data, 'with 
winds shifting to west or southwest behind the fronts, tEmperatures 
Figllre 58. Visible satellite images, processed by video imaging 
techniqul~s showing eastern 2/3 of Colorado and part of New Mexico. State 
borders in Fig. a) Town of Fairplay, about 10 km north of CSU base, is 
labeled. The town is located at the lower left corner of the label. The 
dark sur::ace feature, lower right of each figure, is the Arkansas River 
east of Pueblo. The Palmer Lake Divide is marked by clouds, just north 
of the Al~kansas River, especially in Fig. 58b. Picture times are 
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Figure 59. Composite radar summaries from the region between 
Fa:i rplay (FP) and Limon (LIC), using data from CP-3. CBS-4., and Lirrc'11 
WiNS radars. Intensities in dBz, echo tops are in km MSL. Cells re'-
ferred to in text are labeled. Surrunary times are a) 1245 VDT, b) 1115 




Figure 60. PAM-CP-3 summary, as in Fig. 24, for 1254 MDT, 
04 August, 1977. 
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decreasing, and mixing ratios increasing slightly. Undisturbed areas of 
southern and eastern South Park showed mostly light southE~asterly and 
easterly winds and warm temperatures (6 = 322
0 
-325 0 ), sU1;gesting that 
a deep, heated boundary layer extended to about 2.8 km AGL over these 
areas as indicated on the 1301 MDT SP sounding (Fig. 55). Northern areas 
of the Park had already been influenced by downdrafts froIl the northern 
tier of cells by this time. 
Cumulonimbus development proceeded rapidly after 1300 MDT. By 
1316 MDT (Fig. 61) CP-3 radar showed two large cells near the basE:, 
the southernmost one being in the process of splitting in::o two cells, 
CIs and C2s, both associated with the downdraft gust-fron1: which passed 
the base at: 1254 MDT (PAM data are unavailable at 1316 MD'C, since the 
PAM system had been disabled by lightning-caused power su:~ges). The 
combined radar sunnnary for 1315 MDT (Fig. 59b) shows thre(~ strong cells 
in South Park. The northernmost two cells, including Cln, lined up 
east to west with a rapidly expanding precipitation area tn the Front 
Range northeast of South Park, in a climatologically favo:ed area for 
echo development (Henz, 1974). Satellite data (Fig. 58c) show an in-
crease in brightness over South Park and the area to the J.ortheas1: and 
a southward bulge in the east-west convection line caused by cells CIs 
and C2s. A line of cells had also formed from Colorado Springs north-
eastward onto the Palmer Lake Divide. 
The nature of the cold outflow behind the cells in S:>uth Park is 
indicated in Fig. 52, for 1336 MDT. Winds at the gust frDnt location 
were northwesterly, switching to due north farther west of cell C:Zs. 
Note the strongly divergent flow between this cell and the decaying 
125 
sector ~ CP-3 
.ca~ 
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1316:00 ttlDT 
Figure 61. CP-3 radar contour data, on same scale as Fig. 24, and 
other PAM-CP-3 figures for 1316 MDT, 04 August 1977. Outer bold contour 
lE!vel is 25 dBz, inner bold contour is 40 dBz. (PAM data not available 
at this time). 
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cells near the CSU base. This appears as a clearing are, on the satel-
lite photo for 1345 MDT (Fig. 58d). Fig. 62 also shows that, while the 
cells near the base had decayed, cell Cln had intensifiec, and was the 
strongest cell in South par,k. The importance of this ce] 1 is shown on 
the radar summary for 1347 MDT (Fig. 59c). CBS-4 data ir.dicated that a 
new cell, labelled C2n, was growing 30 km east of cell Cjn within the 
large echo mass northeast of the Park, while no new echoE.8 were forming 
east of C2s. Cell C2s propagated in a continuous fashio1. from a westerly 
o -1 
(260 ) direction at about 10 m s until 1413 MDT, when :.t began to 
break up into discrete cells propagating on the northeas1: edge (Fig. 63). 
At this time, the cell was over the eastern edge of Soutl. Park, with new 
growth occurring over much lower terrain of the Platte R:.ver valley. 
Surface winds behind this cell were strong, divergent, alLd very coherent 
from the north. With clearing skies due to surface divergence (visible 
on satellite photo, Fig. 58e), surface e was again increaning rapidly in 
southern South Park. 
North of this strong thunderstorm, and visible on the 1416 ~l>T 
radar summary (Fig. 59d), the second cell in the west-to··east sequence, 
C2n, was located 20 km northeast of the edge of the Park. The third and 
most important cell of this sequence, cell C3n, had growlL and :intensi-
fied rapidly to over 45 dBz, and was located at the east,~rn edge of 
the Front Range foothills. In contrast, no new growth was apparent 
ea.st of cell C2s. It may be significant that the surfacl~ winds in 
northern South Park, under the evolving east-west line 0: thunderstorms, 
had a strong westerly component, while those to the sout"1 did not. This 
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Figure 63. Same as Fig. 60, for 1413 MDT. 
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South Palk~ aiding the process of discrete eastward propagation 
which tock place there. 
After 1415 MDT, the area of strong cumulonimbus development had 
l.hifted com.pletely to the plains - Front Range interface, as shown on 
Batellite pictures (Fig. 58.0. South Park radar echoes had dissi-
pated rapidly, with the northern sequence of cells disappearing 
,~arliest. The locus of cumulonimbus activity on the Front Range was at 
eel1 C3n, the third of our northern sequence of cells. This large storm 
~1as the first echo of the day to grow up to near the tropopause (12.5 
1~ or 41,)00 feet, as observed by CBS-4 radar). This cell was observed 
by both n.dar (Fig. 5ge) and satellite (Fig. 58f) to be moving faster 
than the ,mall, intense cells emanating from the Colorado Springs area. 
~,.5 4 Au ~ust 1977 - Evolution of the Intense High Plains Mesocale Storm 
It WiS shown in the previous section that the first intense, 
€:astward- >ropagating cumulonimbus cell to appear on the High Plains 
had its e'rolutionary and probably also its dynamic origins in an 
l2a.r~t. :i'.,eJ:" s ~ries of mountain thunderstorms in northern South Park. At 
about 15011 MDT, rapid growth and intensification of thunderstorms 
occurred, Lt the western edge of the plains, concentrated on the nor-
thern and southern flanks of the Palmer Lake Divide. The balance of 
this chap:er will trace the continued evolution of this mesoscale 
system fo:' the remainder of August 4. 
Surf •. ce data at 1500 MDT, when superimposed with the 1530 MDT 
Limon swmlary (Fig. 64), show strong easterly inflow into the region 
of rapid lumulonimbus intensification. The northernmost intense storm, 
located s(Jutheast of Denver, spawned a small tornado at approximately 
o 
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Figure 64. SPACE/HIPLEX surface map, similar to Fi) . 57 with mixing 
ratio contours omitted, for 1500 MDT, 04 August 1977. TI.understorm 
intensity designations as in Table 1. 
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1545 MDT. Surface winds in the Arkansas valley indicated stronger 
-1 convergence and more low-level moisture (11-12 gm kg ) to the southeast 
of the storm area compared to less coherent winds and less surface 
moisture 17-8 gm kg-I) in the Limon area. The strongest cumulonimbi 
were subsequently observed to grow in the Arkansas valley. Strong 
pressure falls, mostly greater than 0.5 mb/hr, continued in eastern 
Colorado. 
After 1530 MDT, a solid mass of thunderstorms, as seen on satel-
lite photos (Fig. 65a,b), proceeded southeastward from the Colorado 
Springs area. Limon radar resolved this mass into at least four 
separate storms, each with intensities of over 50 dBz. Surface winds 
behind this group of cells were strong northerlies, just as in South 
Park earlier in the day, while winds ahead of the cells were easterly 
-1 or southeasterly at 5 m s • These storms produced up to 18 rom of 
rain close to the foothills, and 29 rom was reported to the southeast, 
along the southern slopes of the Palmer Lake Divide. 
By l700 MDT (Fig. 66), the most severe convective cells were 
located about 50 km due south of Limon. A broad lower-intensity echo 
region extended northward and eastward from these cells to cover 
almost all of the Palmer Lake Divide area. The eastern edge of this 
echo regiol extended to 35 km east of Limon. This was confirmed by 
data from :he Goodland HIPLEX radar. The dashed line in Fig. 66 shows 
the easterl edge of a 20 dBz echo region recorded on Goodland radar 
B-·scans (a Ll vertical levels checked, highest reflectivity reported). 
Southeast )f Limon, a heavy thunderstorm (TRW+) embedded in an echo 
region abo It 40 km in diameter was observed from Goodland, but not from 
hfJO[1~ ind Lcating that no precipitation from this storm had yet fallen 
Figure 65. Satellite images of western U.S., on 04 August 1977, 
for a) 1530 MDT (visible image), b) 2230 MDT (visible), c) 1800 MDT 
(visible), d) 2100 MDT (infrared image), e) 2230 MDT (IR), and 0500 MDT, 
05 August 1977 (IR). 
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Figure 66. Similar to Fig. 64, for 1700 MDT, 04 August 1977. Bold 





o low enough to enter the Limon radar's very low (~ ) scan. Another 
heavy thunderstorm northeast of Denver was part of another large echo 
mass which was separate from the Limon storm but seemed to be propa-
gating in a similar manner. By this time, thunderstorms in the moun-
tains were mostly small and scattered. 
Surfaee winds ahead of the mesoscale convective system were gener-
ally easterlies as surface pressures continued to fall. An exception 
to this was Limon, which had rising pressure in calm winds. The 
-1 
strongest easterly wind, about 7 m s ,was observed 30 km east of 
Limon near the edge of the echo overhang. Surface potential tempera-
ture ahead of the storm and at Limon were almost uniformly 316oK. Thus, 
Limon had not yet been affected by storm downdrafts or mesoscale out-
flow. Stations west of the storm line, such as Colorado Springs (COS) 
had moderate northerly winds and cool temperatures. Mixing ratios 
-1 than in the Arkansas continued to be drier near Limon (6-8 gm kg ) 
Goodland, which had 9-12 
-1 
valley or at gm kg • 
Concurrent with the surface data in Fig. 66, at 1700 MDT, raw-in-
sondes were launched from Limon and Goodland. A skew-T log-P plo1: 
of the Limon sounding (Fig. 67) reveals its unusual nature, as it 
apparently passed through the overhanging raincloud. Except for a 
slight inversion in the lowest 50 m, the boundary layer was dry-adiabat:u' 
up to 620 mb, or 2.5 km AGL. Light easterly (inflow) winds prevailed 
in the lowl2.st 1.0 km of this, above which the wind was northerly up to 
550 mb, well above cloud base. Above this, very light southerly win.ds 
extended above 500 mb to a strongly stable layer at 460 mb, above which 
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Figure 67. Limon sounding for 1705 MDT, 04 August 1977, plotted 










strong westerly winds prevailed. Thus, the part of this balloon 
flight below 460 mb occurred in an updraft or other region of storm-
modified dynamics. 
The dominance of storm scale and mesoscale dynamics over th~~ 
larger scale ambient flow is clearly evident on construction of a meso-
scale east-west cross section for 1700 MDT - 1800 MDT (Fig. 68). 
Soundings from Limon and Goodland at 1700 MDT, South Park and Grand 
Junction at 1800 MDT, and an east-to-west aircraft flight which passed 
over Limon at about 1740 MDT (NlOUW, flying at 4.7 km MSL, or about 
560 mb) were used in this cross section. 
At Goodland, ahead of the storm system, the planetary boundary 
layer was still capped by a sharp inversion 2.2 km AGL. Beneath this 
inversion, very moist air in moderate easterly and northeasterly flow 
served to create a very conditionally unstable atmosphere. The Good-
land sounding had a Totals Totals index of 58 and a 500 mb Lifted 
o Index (LI) of -4.5 C, both very unstable. However, the inversion at 
the top of the PBL prevented the release of this instability by means 
of cumulus convection. The continued maintenance of this inversion 
through an entire day of strong solar heat flux into the PBL suggests 
that some outside influence, possibly mesoscale subsidence or cold 
advection in the PBL, acted during the day to suppress deep convection. 
As later data will show, this suppressed instability was released only 
after the arrival of a mesoscale convective system with its origins 
in the Front Range area. 
The contrast between the Limon and Goodland soundings on the cross 
section in Fig. 68 reveals the strong gradients in temperature, moisture, 
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In the lowest 2 km, a potential temperature gradient of over 30 R 
existed between Limon and Goodland. Thus, the easterly and northeasterly 
winds observed in this layer should have created a substantial amount 
of cold advection, perhaps enough to maintain the 690 mb inversion which 
suppressed convection at Goodland. Between 700 mb and 500 mb, a strong 
moisture gradient existed between the moist cloud layer over Limon 
and the much drier air above the Goodland inversion. Aircraft data from 
this layer suggest that the northerly cloud layer winds observed at 
Limon existed only in a band extending 50 km or less from east to west. 
Above 460 mb, latent heat released in deep cumulus clouds at Limo!L 
and farther west created substantial warming of the atmosphere, resulting 
in a strong horizontal gradient of potential temperature between Limon 
and Goodland. 
Cold, stable outflow air occupied the region to the west of Limon 
at 1700 :MDT. This region is bo.unded by a bold line on the cross-section 
(Fig. 68), extending up to 660 mb, the top of a surface based inversion 
observed at South Park. Aircraft vertical motion measurements indicate 
coherent subsidence extending from South Park to Limon, with the stron-
gest subsidence being near Limon, just west of the northerly wind area 
at 560 mb. Averaged PBL winds, plotted on Fig. 67, show mean norl:herly 
winds at Limon and Denver, with a convergent area between Goodland 
and Limon. 
The rapid apparent motion of the convective squall line can be 
seen by comparing surface and radar observations from 1800 MDT (Fig. 69) 
with data from one hour earlier (Fig. 66). The echo front east of 
-1 
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Figure 69. Same as Fig. 66, for 1800 MDT, 04 August 1977. 
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in eastern Colorado reported pressure beginning to rise, with the 
largest one hour rises occurring 50-90 km behind the echo front. Po-
tential temperatures decreased l-2oK at all stations. This indicates 
that the surface was cooling due to overcast skies over the. mesonet, 
but no penetrating downdrafts had yet reached the surface east of Limon. 
Although the edge of the precipitation echo was already 90 km east: of 
Limon, no precipitation was observed before 1800 MDT anywhere east of 
Limon. In fact, total precipitation for the entire day in the area east: 
of Limon was only 3-5 rom. Thus, a coherent, eastward propagating squall 
line was able to maintain itself without a region of strong precipitating 
downdrafts. However, a region of increased surface pressure, or Ileso-
scale high, did exist behind this storm system. A similar lightly pre-
cipitating storm system was moving on a parellel course about 50 km 
north of the Limon system. 
In contrast, deep, intense, heavily precipitating thunderstorms 
were associated with the squall line in the Arkansas valley, 50 to 100 
km south of Limon. The greater intensity of these storms was a conse-
quence of the presence of larger amounts of low-level moisture to the 
south. Both the intense and the moderate storm systems were part of a 
north-south line of mesoscale convective systems extending almost from 
Canada to Mexico, as seen on satellite photos (Fig. 65c). The most 
intense storms of the entire line were those located in the Arkansas 
valley of Colorado. By 2100 MDT (Fig. 65d), however, a line. of illtem'e 
convective activity had appeared in an area near the Co1orad.o-Kansas 
border extending north from Goodland. Surface data throughout thl~ day 
had shown a strong west-to-east moisture gradient in this region, with 
-1 -1 
surface mixing ratios of 7-8 gm kg to the west and 14-15 gm kg to 
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the east of this area. Radar data document the migration of a relatively 
"reak mesoscale storm system from the region of the Front Range north of 
Denver toward the northeastern Colorado border during the day. After 
1900 :MDT, this sytem began to intensify as it encountered enhanced low-
level moisture and formed a very coherent line of intense thunderstorms. 
Fly 2100 MDT (Fig. 70), this line was approaching Goodland, bringing 
Se\7,~re weather with reflectivities of over 60 dBz and echo tops of at 
lea;3t 15.5 kID (51,000 ft). A region of coherent northerly winds in 
cold, moist air extended at least 100 miles west from the thunderstorm 
line, repeating the pattern of northerly outflow winds behind convective 
regions, seen in South Park and the Front Range earlier in the day. 
Infrared satellite data (Fig. 65d,e) confirm the rapid intensi-
fication of the relatively narrow north-south line of storms near 
Goodland at 2100 MDT (Fig. 65d) into the dominant system On the plains 
by 2230 MDT (Fig. 65e), with a simultaneous decrease in intensity of 
the Arkansas valley storms. The northern system produced approximately 
50 mm of precipitation over a large region of northwestern Kansas. This 
was about 15% of the summer seasonal mean in this dry1and farming region. 
By 0530 MDT on August 5, 1977, a large area of nocturnal storms covered 
eastern Kansas and parts of Missouri (Fig. 65f). This was the third 
consecutive night of nocturnal storms in the same general region, an 
area with a climatological maximum of precipitation occurring at night 
io. the summer. 
4.6 4 August 1977 - Summary 
The pattern of convective activity which evolved on August 4 
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patterns put forth in chapter 2. Included among these patterns are 
the growth of first cumulus clouds over the highest peaks, the formation 
of precipitating cells over certain "hot spots", discrete propagation 
of mountain thunderstorms eastward with the mean winds, preference of 
ea.rly storm development for the Palmer Lake Divide area, intensification 
0£ Lhe mesoscale storms as they passed into regions of greater low-level 
lfrcisture, and widespread nocturnal showers in the central Great Plains. 
,sugust 4 was the second of a series of eight consecutive days on which 
mesoscale convective storms formed on the High Plains and moved east-
ward through the nocturnal storm region. Many of these were observed 
to maintain their identities for several days as they traveled across 
the U.S. and out into the Atlantic Ocean. 
Several synoptic-scale factors appeared to contribute to the 
creation of an environment suitable for eastward mesoscale propagation 
on August 4. Colorado was located at the northern edge of a 500 mb 
subtropical high pressure center, such that winds were moderate wester-
lies ,;ontaining substantial Pacific moisture at 500 mb. East of the 
Rockies, low level Gulf moisture was present as far west as South Park, 
having been advected up from the plains by slope winds on the afternoon 
of August 3. Over the High Plains, cool northerly winds, possibly 
created by circulation around the previous day's mesoscale storm, helped 
inhibit boundary layer growth and suppress convection, while at the same 
time containing enough moisture to support deep thunderstorms once the 
mesoscale forcing from the west triggered storm formation. The presence 
of diurnal precipitation patterns in the long-term climatological data 
in.:licates that synoptic conditions which allow thermally driven convec-
< L,;C! ;)atterns :to predominate occur quite often during the summer. 
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A brief time sequence of events will help point out the most 
significant findings of this case study. The first phase shows the 
evolution of the morning boundary layer over South Park. Shortly after 
sunrise, very small scale slope winds began in the lowest 50 m or less 
of the atmosphere. After two hours, a larger scale valley wind cCI1ID.enced 
in the South Platte valley. This created cool, moist advection at the 
CSU base and other up-valley locations. This cool advection helpe:d 
suppress the growth of a deep PBL over South Park until about 120(1 MDT. 
Over the higher peaks, however, a deep heated PBL induced cumulus cloud 
formation by 1000 MDT. These small cumuli acted to eliminate the upper 
inversion at 480 mb, allowing deep precipitating clouds to form by 
1200 MDT. 
The second phase began as convective precipitation echoes appeared 
on radar at 1220 MDT, tending to occur initially over certain "hot 
spots" • Two groups of these cells began to propagate rapidly east:ward 
at 1300 MDT, in association with a westerly surface gust front. 1~e 
cells in northern South Park formed a line of discrete cells which 
propagated eastward to the edge of the High Plains, where the storm 
rapidly intensified to severe levels. A north-south line of strong 
thunderstorms began to form at the edge of the plains after 1430 liDT, 
creating a tornado. 
The third phase commenced as this mesoscale squall line began to 
propagate southeastward across the Palmer Lake Divide. The northern 
part of the line became less intense as it crossed the Limon area, which 
was somewhat drier in the lower levels than the Arkansas valley to the 
south. The entire line maintained its linear shape and continued to 
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move rapidly eastward, however. Thus, most of northeastern Colorado, 
despite being crossed by a mesoscale squall line, received very littlE~ 
moisture, a connnon result in this semi-arid region. At abc:J.t 1900 rlDT, 
a related squall line to the north rapidly intensified to severe levels 
a:3 it encountered greater low-level moisture near Goodland. Previous 
to this squall line passage, convection in the Goodland area had been 
slppressed, probably by diurnal patterns of slope winds, cold advection 
a)ld possibly PBL oscillations, in a manner similar to the suppression 
of Cumulus development over South Park in the morning. The Goodland 
storms prodl:ced 50 mm of precipitation over a large area before con-
tinuing eastward to form a nocturnal storm system over the central 
plains. 
5.0 Summa:r;y and Conclus:i,ons 
In this thesis, we have performed detailed case studies of t"ro 
contrasting days, using a multitude of data sources from the SPACE:/ 
HIPLEX 1977 field program. On both days, severe mesoscale convective 
storm systems formed in or near the central Colorado mountains. (In 
July 19, 197'7, a coherent quasi-stationary line of convective storms 
formed in South Park and remained there throughout its lifetime, "rhile 
little convective activity occurred on the plains to the east. In 
contrast, on August 4, 1977, thunderstorms which formed early in the 
day over the Rockies tended to propagate eastward onto the High Plains, 
forming a traveling mesoscale squall line which moved across the dry 
plains of eastern Colorado and into Kansas. The case of August 4 fits 
the pattern of diurnal terrain-induced convection which was developed 
in Chapter 2. This is also the case which has a greater societal im-
pact, since the mesoscale storms traveled across an agricultural area 
which depends on very marginal summertime precipitation for crop 
production. 
In this chapter, we will present a conceptual model which re:_ates 
most of the terrain effects of Chapter 2 to a case of eastward-propa-
gating mesoscale storms such as August 4. Then we will review and dis-
cuss the most important conclusions to be drawn from both case studies. 
Finally, we will suggest what further research and analysis using the 
SPACE data might be expected to yield, 'as well as the form of future 
field projects relating to these problems. 
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5.:. Conceptual Model of Eastward Propagating Orogenic Mesoscale Systems 
The observations taken on August 4, 1977 and similar days of 
eaBtward mesoscale propagation can be used to construct a chronology of 
ev~~nts, into which the various scales of motion and the terrain-induced 
flow patterns that occur on these scales, as discussed in Chapter 2, 
can be integrated. The chronology can be divided into three basic 
ph.~ses. The first phase lasts from before sunrise until the first 
ra·jar echoes from mountain thunderstorms appear, usually at about 11-
12)0 MDT. The second phase then continues until the first mesoscale 
co~vective systems appear on the western plains, usually late in the 
afternoon. The third phase then follows these large systems into the 
night, until they merge with the late-night precipitation zone in the 
central plains. 
The morning phase begins before sunrise, when the atmosphere over 
the mountains is most stable. Nocturnal drainage of cool air acts to 
transfer static stability away from the peaks and ridges into the 
valleys and nearby plains. After sunrise, a very thin heated PBL forms 
below the inversion. Winds in this layer are light and tend to go up 
any local slope. As the depth of the PBL increases, more coherent 
valley winds develop, typically 2-3 hours after sunrise. These valley 
winds tend to increase stability by advecting the cooler air upslope 
at low levels. At the same time, slope and valley winds begin to create 
mass and moisture convergence over the peaks and ridges. The large 
heat flux coming from the steep slopes, heating the thinner, less 
stable boundary layer over those slopes, creates a large buoyancy flux 
wrich also serves to induce formation of the first cumulus clouds. 
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usually 3-5 hours after sunrise. As the valleys and elevated plains 
continue to warm up, a deep, unstable boundary layer is formed, allowing 
widespread cumulus development. These cumulus clouds act to eliminate 
the upper inversion, which is often present at about 450 mb. CloJds 
which penetrate this inversion are then deep and long-lived enougl 
to form precipitation echoes, usually at about 1200 MDT. 
The second phase commences as the first precipitating cells lppear, 
over both the highest peaks and over certain lower slopes which ilduce 
favorable mass and moisture advection ("hot spots"). These cells e~­
tend into the middle troposphere, where stronger westerly wi.nds prevail. 
These winds cause the cells to translate and propagate eastward. Some 
cells quickly dissipate as they move into the subsidence area of the 
slope circulation, or over a stable, less mature PBL. Preci.pitating 
downdraft areas begin to form, creating a meso-high due to more d~nse 
rain chilled air and carrying westerly momentum from aloft down t) 
the surface, creating a westerly gust "downdraft front", which ma] gain 
energy as it flows down hill. 
Upslope winds continue to develop and grow stronger over CIO'ld-
free areas in the deepening PBL during the afternoon. The intersection of 
this flow with the thunderstorm gust front or density current may :!reate 
a zone of intense low-level convergence ahead of the propagating ;torm 
system, which would serve as an area for new cell development. A; the 
storm systems move down to the eastern edge of the Rockies, they ~ro'to1 
more intense, due to the greater amounts of low-level moisture aVlilable 
on the plains. Thunderstorms and convective systems may tend to 1issi-
pate in the lee of the large-scale slope circulation of the Front Range, 
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but some systems find favorable areas for growth and propagation over 
the Cheyenne Ridge and the Palmer Lake Divide, perhaps merging with 
already existing convective clusters in those regions. 
The development of major mesoscale convective systems on the 
plains, usually at 1600-1800 MDT, begins the third phase of our chron-
ology. These storm systems can create convective eddies far larger 
than the thinner PBL of the plains (1.5-2.0 kmdeep) could generate by 
itself. Thus, the conditional instability which had been suppressed 
during the day could then be released. These larger systems create 
large-scale downdrafts and meso-high pressure areas as well as bringing 
more westerly momentum down to enhance convergence and propagation at 
low levels. Eastward moving systems would intensify as they passed 
through dry lines or other mositure gradient zones, into the humid region 
of the midwestern U.S. 
Diurnal oscillations of the PBL may create a general, low-level 
convergence zone over eastern Colorado in the late afternoon. Around 
sunset, the boundary layer quickly stabilizes, creating acceleration of 
the southerly PBL winds. These strong winds create increased advection 
of Gulf moisture and perhaps also increased convergence ahead of the 
traveling storm. The degree to which the various factors promoting low-
level convergence coincide in time may determine the longevity and vigor 
of the mesoscale storm system. The pattern of the low-level jet, inter-
acting with the eastward moving mesoscale system gust fronts, creates 
low-level convergence and a favorable wind shear environment for deep 
storms over a large area of the central plains. These storms tend to 
form and propagate near the weak east-west oriented stationary front 
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which is often a persistent feature of the central U.S. in summer. The 
large complex of nocturnal storms creates a traveling zone of conv~r­
gence which resembles a synoptic short-wave. This disturbance can 
continue to move eastward for several days, reintensifying in the Late 
afternoon each day. 
5.2 Significant Results of Case Studies 
Under the broad category of "mesoscale convection over moun.tainous 
terrain", we have investigated boundary layer and convective activity 
on a wide range of spatial and temporal scales, ranging from less than 
a kilometer to 500 km or more, and from a few minutes to more than one 
day. Using only two case study days, it is, of course, not possible 
to.draw conclusions of a fundamental nature about diurnal phenomen~. 
However, the highly detailed data herein presented, along with oth~r 
data too voluminous to include,strongly suggest certain physical inter-
pretations, most of which relate to thermal forcing of the atmosph~re 
through heat exchange at the surface. In this section, we will pr~sent 
the most significant physical insights we have gained in the proce3S of 
these analyses. 
Since the environment over South Park on July 19, 1977 was doni-
nated by large-scale "monsoonal" southerly forcing, we might expect 
most diurnal effects related to thermal winds to have been obscurei by 
larger-scale flow. However, this was not necessarily the case. Tle 
first precipitating thunderstorms observable by radar formed at prlC-
tically the same time (1230 MDT) as on most other thunderstorm days. 
Also, the location of the first precipitating cumulus cells coinciled 
with the climatological "hot spots" observed by Huggins (1975). Tlis 
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lends support to the statement by Henz (1974) that "hot spots" use 
thermal slope forcing to perturb the mean flow and create local conver-
gence areas, which in turn generate deep cumulus clouds. 
The generation of strong mesoscale flow patterns by a larger-scale 
mountain-plains thermal contrast seemed to be of overwhelming importance 
or. July 19. Since cumulus development over the flat areas of South 
Park was delayed until late in the afternoon, extreme surface heating 
created a meso-low pressure area over South Park. This was sufficient 
to create easterly inflow from the plains as well as aiding the advec-
tion of moist air from the west into the Park. This meso-low provided 
tI-.e initial organization of the mesoscale convective line which subse-
qvently developed. On a larger scale, early storm activity over the 
mc,untains to the north apparently created a strong contrast with the 
heated plains, producing a surface pressure gradient which drove 
strong northerly winds along the eastern slopes of the Front Range and 
into South Park. These low-level forcing patterns also emphasized the 
role of the Colorado Rockies as a barrier to rapid horizontal mixing 
of contrasting air masses. 
The generation of strong northerly winds at the surface despite 
southerly large-scale ambient winds may also have been related to a 
mesoscale gravity current, of the kind often observed in tropical re-
gions. The July 19 case study includes detailed observations of a 
mesoscale squall line which propagated discretely in an upwind direction. 
While this phenomenon may not be directly related to terrain effects, 
tl,e occurrence of this event in the center of South Park, within the 
area of intensive data gathering by the SPACE program, was related to 
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the role of South Park in storm organization previously mentioned. 
From the standpoint of research operations, the choice of South :Park as 
a location for triple Doppler radar, PAM, and other intensive obser-
vational equipment was strongly justified by the volume and qualitv 
of data taken on July 19. Further insight into the density current 
and other storm~esoscale interactions should be provided by the triple-
Doppler studies of Knupp (1979). 
The case study of August 4 suggests physical interpretations on 
a much larger range of scales, due to the less disturbed environment 
on that day. On a synoptic scale, the conditions under which eastward 
propagating mesoscale systems formed serve as a useful starting point 
for more detailed synoptic studies. Among these conditions are moderate 
westerly flow at 500 mb, advection of Pacific moisture in the layer from 
700-500 mb, and the presence of substantial Gulf moisture at low levels 
in eastern Colorado. 
The most important concept to emerge from the study of the South 
Park boundary layer evolution on August 4 was the role of weak slope 
winds in suppressing PBL growth, vertical mixing, and cumulus cloud for-
mation over the flat Park. This concept seems to be analogous to 
large-scale suppression of cumulus activity over the western plains, 
which occurs over a larger space and time scale. Inhibited vertical 
mixing would seem to have significant implications for studies of dif-
fusion and convective fluxes in mountainous terrain. 
On August 4, the first significant cumulus clouds occurred as a 
result of excess buoyancy generation over the high ridge of the Mc,squito 
Range. The moisture for these clouds was advected over relatively short 
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distances by slope winds - probably less than 20 km. Thus, the initial 
environment in South Park and the nearby mountains largely controls 
the timing of first cumulus formation. 
An important objective of SPACE 1977 was to observe the eastward 
propagation of mountain thunderstorms which subsequently contribute 
~o the formation of large mesoscale convective systems over the High 
Plains. The CSU 10 cm radar (CBS-4) was intended as the principal tool 
,dch which to make these observations. Although performance and data 
quality of the CBS-4 radar were less than optimal on August 4, the 
data agreed well enough with Limon radar and satellite data that they 
were included in the case study. An apparent case of eastward discrete-
ly propagating mountain thunderstorms, consistent with the mechanism 
proposed by Erbes (1978), was observed by this radar. This case may 
have great significance to possible future weather modification hypothe-
ses. These showers were precursors of a very large, rain-producing meso-
scale convective system. 
A substantial amount of low-level divergence was generated in the 
plains during the day on August 4. The growth of the boundary layer was 
inhibited by a combination of initial stability, cool advection, and 
subsidence. This resulted in suppression of small cumulus formation and 
the buildup of the instability which was later released by the mesoscale 
squall line. This pattern of cloud formation is a very common occur-
rence in summer, lending support to the concept that the pattern of 
low-level divergence observed on August 4 is produced by diurnal 
heating effects. Wind observations were also consistent with diurnal 
oscillations previously observed by Dirks (1969) and others. 
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The large linear squall line which passed through eastern Colorado 
on August 4 retained its north-south orientation despite the existence 
of strong north-south gradients of moisture in eastern Colorado. Dif-
ferent sectors of the line had radically different intensities of 
convection and rainfall, yet the speed of propagation was roughly uni-
form. This would indicate that the dynamic organization for the squall 
line may have come from a scale larger than the storm. 
The mechanism of storm propagation on August 4 was in some ways 
similar to that observed on July 19. A surface high pressure center, 
caused by cool, subsiding air behind the squall line, apparently con-
tributed to the generation of low-level convergence ahead of the line. 
This served to propagate the line eastward despite the lack of a strong 
westerly "gust front". 
In contrast with the case of July 19, however, the low-level 
convergence was generated on the downshear side of the storm on August 
4. This created a rapidly moving mesoscale system on August 4, con-
trasting with the almost stationary system of July 19. 
5.3 Suggestions for Future Analysis of SPACE Data 
In the development of the case studies presented in this thesis 
we have tri.ed to use as many of the South Park data sources as was 
feasible. However, as of this writing (May 1979) much potentially 
valuable analysis remains to be done, both on the case days and on 
other days. Possible analysis efforts which could yield results per-
taining to the questions brought up in these case studies are here 
suggested. 
Banta and Cotton (1979) have already published case studies of 
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boundary layer evolution on dry, suppressed days, using the BLP and PAM 
surface data. Use of PAM data is presently restricted by the lack of 
adequate computer software for analysis and display of the data. With a 
modest programming effort, however, PAM data as well as micrometeor-
ological tower and acoustic sounder data should become readily 
accessible. A more detailed description of bounday layer evolution 
should then be undertaken. A day with modest, westerly upper winds 
such as August 4 would show very fine detail about the timing and 
direction of initial upslope winds. The various local terrain features 
present at each of the 20 PAM sites would provide numerous examples 
of various terrain effects. Vertical data from the micrometeorological 
towers, BLP, and acoustic sounders could be used to guage the lapse 
rate and the magnitude of the cool upslope advection term. This might 
also help in the formulation of a surface energy budget. An interesting 
application of these data would be to estimate the vertical mixing and 
air pollution dispersion potential at low levels. 
Enough data may exist to directly deduce the origin of the parcels 
which form the first cumulus clouds. BLP, PAN, and possibly pOvlered 
aircraft data could determine various parameters of the inhomogeneous 
boundary layer which could be compared with LIDAR data and stereo photo-
grammetry on the dimensions of the first cumulus clouds (cloud base, 
etc.) as well as in-cloud parameters measured by the sailplane. On a 
larger scale, more detailed PAM analysis for mesoscale storms occurring 
within South Park, including pressure data (not available for these case 
studies) may help establish the role of orogenic meso-lmv pressure 
centers and storm-generated meso-high pressure areas in the formation 
and propagation of these storms. 
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A very significant goal of the SPACE 1977 experiment which was 
not adequately resolved in the August 4 case is the observation of 
eastward translating and propagating storms as they make the transition 
from South Park to High Plains system. This task was basically assigned 
to the CBS-4 (FPS-18) radar, which did not perform ,veU on August 4, 
it's first full day of operation. Similar eastward propagation days such 
as August 8 and August 10 should have much better CBS-4 data. An 
important reason to conduct analyses on these days is to confirm the 
proper operation of the radar and establish the credibility of its data, 
since this radar has not been back to the field in the intervening time. 
Analysis of data from the mesonet of surface stations between 
Limon and Goodland should be extended to include time series analysis 
of individual station data, in the manner described by Fujita e~ al. 
(1956). This will give a better depiction of gust fronts and meso-high 
pressure areas. These data could also be used to determine diurnal 
patterns of surface pressure and divergence, and possible east-west 
gradients thereof. The results could be compared with analyses from the 
National Hail Research Experiment (NHRE) surface mesonet, which was 
deployed in northeastern Colorado on a similar scale at a similar dis-· 
tance from the mountains. 
The rawinsonde data set from SPACE/HIPLEX in 1977 as well as the 
South Park soundings from previous years represent a largely untapped 
resource. It should be possible to determine average daily heat fluxes 
into the boundary layer and other factors relating to PBL evolution by 
examining the time sequence of soundings at each station. Modification 
of the environment by cumulus clouds, such as the elimination of the upper 
inversion discussed in Ch. 2 and Ch. 4, should be observable on most 
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days over South Park. Averaged soundings from undisturbed days on the 
High Plains should be examined for evidence of the PBL oscillation dis-
cussed also in Ch. 2. 
5.4 Suggestions for Future Field Programs 
While the design of future field studies should hinge on results of 
the maximum possible analysis and modeling studies of the 1977 data set, 
some guidelines for the next iteration of the SPACE program are suggested 
by the results of this study. Most importantly, a change in the location 
of the field program should be considered. For studies of eastward pro-
pagating systems, the area of the Front Range east of South Park as well 
as the Palmer Lake Divide should receive maximum attention. This should 
include a reliable research radar (instead of using NWS Limon data) 
which will view the foothills "hot spots" continuously, as well as 
possible Doppler radars located to view one particular hot spot. Numer-
ous surface stations should also be located in the eastern foothills, 
especially in regions which should have morning upslope winds advecting 
plains moisture into the foothills. 
A rawinsonde station should be located in the foothills near the 
expected zone of transition between the deep heated boundary layer of the 
mountains and the suppressed PBL of the plains. Ravlinsondes located to 
the north and south, giving a better 3D data set for use in ini.tializing 
mesoscale numerical models, should be considered if resources permit. 
A detailed mesoscale data set emphasizing boundary layer flm,7 i.n the 
Front Range area as well as certain east-forcing valleys would be of 
great value to air pollution studies of the Denver basin; hence, some 
new sources of funding could be uncovered. 
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